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 New  gscgapa¢ t {g]est apmd  ATvesimbgEgty of  ffigk-towgkness 9%
    Ng Steea

    Akie D'[;.Gu･cuT", IVIembez Masue  TADA',  Membe?', I'Iireshi YAJIMA', ilflember

                         (From J,S,AX,A. Japan, tioL 16Z ,Jnne  1900)

                                        Summary

  Recent steel  manufacturing  pt'oauces  99G Ni sLeels  wit.h  hikrh touglviess  through  minlinizii}g

 inipurities in steel  and  improving heal. treatmoni.  /['hese 9Va Ni steels  F..how  ducti}e fracture ancl

absorbed  energ.i,  mere  than 20 kgf'm in 
'N,'-Chai'p.v

 impacw.est at  
'-196"C,

 ,shich  indieat{}s V-Charp.v

iinpuct tesL to 1]e insuffic]ctnt ier the  muterial  selec/tion.  

'it
 U-' diffieult to knou, the mrrest"bllitv  or  these

9% Ni stee}$  through  the 
"surilace--notched

 cloublc.'. a('nsion test,"  usinLz  11qvid niti'ogen  <'n196"C.) as

vefr'igerant,  though  the tnethod  has been developed to  gel/ the  am'estahiait}/  Eor high-toughn{.,ss

mater'ials.

  Ln this paper  ri.hecpaclc n,r)'{/  F.;tabilit.v  oE' 9%  Ni ste--ls  whic'h  i･vere  varie,1  in t'oughnihss  wms.  examined  b.v
rnearis  o[' surfu(/e-notched  {loublp.  tensic)n tests  and  C.harpy linpact tests  o2' two  specimf/n  typeH.  

'Fhe

i'ormer were  conduc'tecl  to ch{x/k  Kca va]ue.s  and  t,lie latter ivei'{' conducted  at  temperatiires  rang,  ing
-1OO-- '-269a{.] hi ortler  t,o e1at'iCv  the et'feci.  of  specimen  notcli  ,ihape  en  th`t ductile/bi'ittle tra"s'ition

phenon',enon  c)f t.he high--toeghness  9%  Ni steeas  und  er'ack  i"itiation･'propat.tatiDn e,nerg,.i,.  The

1'eHowlng conciuF,iens  ai'e  obtaine,(1.

   (1) 
"Three

 surfac/e  slitted  Charp.v inipac/t Lest" is avuilable  roi' !,he niaterinl  selection  of

high-toughness 9["] Ni steeis  hccanse their Lransi Lioii ictinperature shififg  4S"8'10C.' higher than  Lhat of

V'-･notched one.

   C2) 
rl'he

 c]'ack  arrestabiliLy･  of  9Y6 Ni sLeels  c,un be estiinazed  based on  t.hf} t/'ansitien teiTiperature and

the propergai.ion  energ'y  of  1/hr'ee sur'faee  slitted  {Jliarpy Tinpact test.

1. giitTodmietion

  The  low teraperature  toughrt'ess of  9[ra Ni

steels  has recently  been improvecl throligh  t}K/'

advatice  of  steel-tnakiri.g.  processes such  us

reduction  of  steel  inipurity ancNmprove{i  heat
treatment.  Fcn' sttch  l}igh-toughriess 99f) Ni
stec･ls, it beeomes  difficult to know  thcir
fracture tot{ghness against  T.he brittle crack

initiation and  propagEition  arr('st  by vsing  the
coinmon  rc/i'rigerant,  lic[uid nitrogen  ('-
IE)6"C). }t also  beconies djf,f'icult to evatuate

;krrctstabilitv  bv the  surfac:e--not/ched  dotible
teiision tes't' 

]) L") (here/Ina'fter referrecl  to as
          t.
SDT  test) whjeh  has l')een clcvelopad  as  the

inethc}cl  of craelt' arrest  test for higi -toughness

materials,

  On  the othc'.,r hand, the stap.dard  V--notched
Charpy impaet test uncler  tht temperature  of

h'quid uit,rogen,  wl'tich  is generally c()nducted

as  an  incitistri/nl i'oughness  evaluaiion  method

t'or 9?(} Ni stee]s,  i/･i eonsidered  in.stiLl'icient f()r
zhe  materiai  sek/ction,  sinee  the absorbecl

onergnyy  
:Ln

 t'his test/ exeeecls  20 kg.ntt'in in many

cases  ancl  L.he t'ractEire inode  seld{)in  coiltains

1,)rit,t.']e [ructure.

  This  paper  descrl,bes that craek  arrestabilitv

can  be ('s･,aluated  
S,'rom

 t'li,c' resuLts  of 
"tliree

surface  slitted  Ch}ffpy impaet test", which  has
heen new,ly  developecl b>,･ using  9SX} Ni staels

vnried  in toughness  deliberal/el},,, Three  surface

slittc'd Charpy imp:-Let test has provecl efEeetiv･e
zLs an  industi'lal z,oughness  evaluation  test

method  foi' r'c,cent. high ･t'oughness 9%  Ni

sLeels.

*')v'ritsubishi}lc,'avv
 lnclvstries, l.td.

175

2. 9%  Ni sSeels,  Vged  for Tests

  TaE')le 1 shozzrs  ttne mcehanical  properties ot'

996 Ni stcels  nsecl  for tests. Their t'oughness
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-'l
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                   Nes･v Impact Test and  AJ'restELbi'til.},

  For Steclls A  and  B  which  showed  britl/le
fraeture in their staRdard  V--notched Charp},
inrpact' tests at, 

"'
 1.960C (see Tal)lc, ]), SI/)T

test was  effectlve  in evaluating  their firi'estabil-

iL.y. On  the other  hand for Stec/ls C, D  and  E
which  showed  no  brittle fract.ut'e ancl  cxhil)  ited

g.ood toughness  in the V-Charpy  test at  
"

196UC  their at'rest,abilit>, sho",s  diffarent
properties. It'he arrestabilit.y  of  Steel Il) was

e･valuated  to bc/ sinillar  to that  of  Steel B, The
arrestabiljtv  of  Steels C  anci  I.C･ was  diffienlt to
evaluate  quantitatively  even  by SDT  test  at  

-

196 ℃ .

  For 9%  Nfi steels, thc V--Charpy impact test
at 

'''
 ,l.96"C' is cond'Lieted  as  t'he commoyi

material  receiving  test spccified  by JIS, As
shown  in Table 1 and  Fig.. 2, V･-･Char'p,s,, impact
test at 

-196"C
 can  evaiuate  a low-toughnc,ss

steel  likc Stec･1 A, however,  it is irtsu fficient to

jucige ELrrestabilit>,  of  a steel  xvith  hi,gher

toughness thun that cf  Ste(?1 B.

4. LgwTenig)erutureifnapaetCharncteris-

    tics of  ffigk-toughness 9%  Ni Steeas
･1.l  Skape  Effect  ag' Test Specirnen 6it

    DuetilelBrittie Wrnnsgtien  IPIzeneme-
    non

  A  newly  devc}lof)e.d tliree surl'ace  slittecl

C-har'p)i inipac:t test was  cenclucted  tc) kno-i the
ductile,/brittle trarisition I.)hencmenon  of 9%  Ni

     Sait(GrinderCut:D.14mm>

ss"

or  High･-toughnes:s 9%  Na Steel 177

steeLs  aL llow ternparatui'e. Fig, 3 shows  the test
specimen  dinicnsions comparcd  with  those of

V--Cl'hzrpy iinl)aet' tc'st, 
'rhis

 speciinen  
in,a.s

threc･ slits, one  of  which  is O,.14mm in width,
replaeing  2mm  dec"p. X,'- notch  and  the other

two  v.re O.] {l- miv  -,ide  in each  side.  To  examine
'l.ha

 effecl./  of  speeknen  shape  on  tthe fracture
mocle,  the dept.h of  s':de slits vvere  varied  irom O
to 2.5nim. Conseq:･iei'itly as  2S<2) type  test

specimen  whoE}e  skie  siits  were/  2mm  in depth
"'as  proved  to be most  effective  to  ]<now the
cluctile,'brittle  transitlen  phc'!nonienon, it was

selecred  for tbis c'xperimei]t'.

  2S(2- ) ti,pe three  surface  slitted  Charpy
impact tests and  V--･riotehed Charpy  jmpact'
tests (2il･r) xNrere condueted  under  th() lo"r
t(.'mpet'aturtt: in the rang.'c of  

-1000C
 to -

269''C. T:･Lb}o 2 and  Fig. ･4 show  tbe test results
and  the exampl'es  oi' transition curves.  vE  and

s'E shew  the absorb,eid eiierfn].'.v by 2N,' ancl  2S(2)
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   Fig. 5 Uammerstrain-tsruoeurvesinCharpy]mpact

          Lettresult
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                   Neu, IrnpEwt/ Test and  Arrestabilit]v

E at  the  liquid helium teinperature  had aimost

the samc;  value  as  the one  ol)tained  under

ciuctile fracture aL ]iquicl nitrogen  temperature,
though  bril/tlc fracture was  in{:ILtded 5096 or

even  more.  In the case  of  orc]inary  fe-'itie arid
martensitie  steels,  the transition teinperature

of  frackire appearanec･  a]most  coinc:ides  wi'L'h

that of  energy  transitio･n hecause transttion
ocetLrs  in th(t temperature  region  wilhout

notable  enhaficement  of  strength.  Such  transi-
tion phenomenen  that  does iiot entail  a t'all in
ene,rgy  can  be said  to be the characteristies  o'f

higli.--toughness niaterials  like 996 Ni steels.

.}'Iowcver, it is thou.crht that ln thi's temperat'ure
zono  this t/ransitioii pheRomenon  is also

influenced by eomplieated  phe.nomena  such  as

temperatu  t'e rise  due te plastie d e. fo rm  ation  an  cl
t'ransform.ation of  residual  austenite  to strain

induceci martensitaS)-Sl'.

  Fl,g, 6 shows  the lractog.raph.v l]y scan.niv)g

eleetron  niicroscopct  of  2S (.Lt) and  2V  impaet
specimens  conductec'1 in the licluid heliui'ii
temperature  test  of  Steel 1-l, 

'I'1iu

 2V  spe',cimen

shovKis climple pattern all over  characterjzing

Fig, 6 Fractographsof3-surfaceslittedand

       V-notched  Charpy  irapact test speciniens  (Stec/1
       E at  

--2690C)

 ol' i'Ji,tth-tuughness 99E Ni Steeg 179

 ductile fracturc. ('i'n the  other  hand 2S(2)
speciinen  sl',ows  al)out  8096 of  brittle fracture,

 pt,Ticroscopicall>, the fracturc surface  is coni-

posc/d of  quasi-{;letLvage faeets whieh  charaete-

rize  brittle fractui'te and  fine dimples whieh

cr.onnect  1/hese l'acc-/s. Stieh fine dimpics in
1')rittlc k'acture p. r(ive  t.he existenee  of  stable

resiclLia]  austeiiite  
'}//thase

 derived froni {.inuni-

fornu,d distt'jbutiou oi' nicl<eli'), ma[cing  9%  Ni
steel  s'upurior  in Eow teml.)erature t()ughness.

5. .e'uregeosal gti Ex/pe(lient EvaUemation

     twethod of  x'igerrestabaiity  f(}r ffigk-

     teughRess  9e-,,. Ng Steels
E,.1 }.lst･imatioR oi" Arli"estahilie/.v by Transi-

     ti.?ozz [g7egvigpeucsture of  Three Surfaee

     Slittedi Cit'gargelv g'!npa¢ t Test

   For hig.h---tougl'Lness F)% Ni steels  the
ciuctilie/'brittle  t.ru"sition phc',riofnenon, whieh

seldoin  occurs  in Lhe iisual  2V  impact test,

oecu,rs'  I.)y 1/he al,.}I.)]lep,tion oi" 2S (2) gmpact test.
The relation  bet･a,een fra:ture transitton

ternp,eratur{t (s'I'rsll/ anci  bv'ittle crac}{. ar're$ta-

bilit},･ was  exan]ine('l  ori the  2S(2> imp.act test
results,

  I,"ig, 7 sho"is  thc., i',elation  among  sTrs,  
"I'i<..==

.gee t･ii]d Ti<c,i.-.6oo eE  steels  IN, B and  D. 
'1'i<..;

,L.oo  aiicl 
'I'i<ea

 ,= cioo are  the temperaturus  at

ie,hSch  theKc:a  valuc･  converted  to the abiliti･' for
I30mn': thiek plate 1/s equal  to 400  and  600
kgfhnn'i"2 respecti･vety.  Illquations (2), (3)
and  C,1) are  used  in thc coni,'ersion  of  Kca
v'ctlue3. Kea  vah/,e  l,or ariy  plate thiekness  Ct
iiim)  is expressed  ,,,.s Equation (2).

  Kca(t) ==-Ko  expC'-kofTi./)  (.kgf,/'mm3"2) ('2)
                   '
where  Ko  aud  ko : material  constants                                 '
       Ti< :temperatureCK)

  Kea(t 
-"
 30mnJ  x,uliEe av  the  temperature  Ti<

can  be expressed  b],' Equatifins C3) and  (4).

  Kca (t= 30mm)  
T=

 iKo/'f (t) I exp  ( -' ko/'1'K)
                    (1<gf/mni'2) (3)/

whc]re  f(O : coeffictent  of  thickness  effecti)
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T,vm.  IIiroshi YA,ilpt･:,,x

 5.2 Ssekgyuatgc)" ot' Aryestfi'im' iaffty froma

      Alvsorbedi Xveegigy

   EIanvnering' strain  tr'aiisient curves  in Char-

 p:･i in]pact tests differ great/ly in the  :/racturc.'

 ynode  as  to whcther  brittlct Iraeture is incluc3ed

 or  not.  In both eases  iracLut'c,' takes place

 throllgh  the. process  oi' netch  bot'r.oi'n deforina-

 L'ion, crack  initi ation  and  propagation. The  first

  
or

l
    s--

 5Q  }-

-loa

-･15a

-200

lit'

 ･ptil

         Z

     /  !4es

   K .

.ifg
/

 'j'nrv- -cui

    ceo
EY

L

                        mutN-thww t.:
          -･zgo -lse --loo --sfi

 :.･

                 
'l'scp･･･aso.

 T}<ca-6og <"C ),

1"ig, 7 Relation hetsveen s'I'rs  and  c.t'iL.lcal  temlJeJ-'atHi'L'

       1'er cvaclc  avi'esL  
i
 
'S'K......,4oe,

 
'I'r<,,....

 fioo  Gli =:=30mm)･  ]

   f (t) -  ki,iXs' ?, Ii d9, 11 ,i,1'ti 5 imii
                    : 3･ ['i, mm  <(t'S-  1OOrmn [1411,

   
'T:/ie

 i'esults  o{'  the sa･me  antLl>,sis  o'l cnrbon

stcels  ancl  low-nickel/ sttee/s  t/or low tcmpera-
'Lure  service  is also  sho'w･n  2n Fis,. 7.

   It, is ci)iiious  t/hat' g'ood .reluti'onship exisLs

between  arrestabillty  and  
'the

 tru]isit'ton

 tt/imperatiire sTrs  obtainecl  b>, L'hrc?.c surface

 slitt.ed Charp.y impact t/ests. 
"]]here.fore

 Equtt-

tion (3'i) can  be proposed  as  an  arrestability

 estimation  method  t"or hig.h -t/oughness 9`fo .Xli

 steels  b'v means  ol s'l'rs.         -

   II li[::ii=i.l:IL-..2[i'gi- 1",i･:.z."- 
i'1,l'

 ,li : 'l･l:l;
 

i/si

'

phase of  crack  initiaJtion  anct st'abic  craek

cievt'.lopment aceollipanied  by incre.asing i'rae-

a/ure resistance  can  be called  as  
"iiri[iation

stag'cS' aiLd  thc'. second  phase oi' craek  unstnbi-

lization as  
"propagal.ion

 stage''  where  mal/erial

cam  no  more  resisL/ crnck  propagr.a.ion and

'f,'raeture resistsnee  dccreases.9')iOJ. 
'rhe

 tran-

sicnt  1if.tninier strain  fcatures due i.o the

t/'ractv i,'e  lliode  dif[ei" c･jtce "rere  c!carl  :,i observed

in thc/ prc,'pagation stage.  I"racLitr'e resistance

{i･ecr･  eg.ses  g.vi'a{lually in cltjctile iFract.ure  and

i'apicl]}, in  bi'iL'tle fracture.
   The  :a:'resLabilirTr o.f higli-tog･hness 996 Ni

steel's vv'as unalv7.e.cl in viu",  of 
'thc

 absorl)ed

er'{erfg;,s,, in 'i'he pi'o]/)agatioi). s'tage  "xhich  clearll.:,,'

shoii,'ed  Uie t.raTbsition phenonienon. .F'lg,'. 8

sho",s  thc 
'r/
 e].at;son  bet"'een 'tbe

 absorbcd

cner/tT.y, ancl  the inte,ttrated ai'ea  of  llammcr

stral/n--timt･  cur'･v'es obtaincd  ili the Charp>,,

                          gf 
o%
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'ts1

 /o oO

  
'tr.

 ,,F /{1,, 
,pS

  
Ls.J.

 t ys
 co

   ttlSV /
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･･v t

  -ff., 10 M'
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-qsl-

 i

/Iii-..

Oo ioo 2Dothtottto  soo gStCic-MT7,'aio
             Area, At gLslrain,'ntsec)
S KeLation between absorbed  energy  ane  integrated

   area  of  ha inmei'  sLrain-tJ,  me  curve  in Charpy.

   impuct testresult
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                  New  Inipact Test and  Arrestabiiity

impact tests, They are  proportional  to each

other  when  the absorbecl  ener.cry  i's relatively

smail.  VVhen the abserbed  energy  is IO kgf'm
using  the impact testing machine  of  30 kgf'm  in

eapacity,  the harrLmer speed  is estimated  to be
reduced  to about  82%  of the  initial speed  after

thc breaking of  specimen,  Since the  absorbed

efterg>,, was  luss than 1O kgf'm  in the  ease  of  2S

(2) impact tests, crack  initiationlpropagation

etiergy  can  t]e estimatecl  withj'n  the e.rror  of

about  10%  from  the  integ'rated area  of  hammer

stain-time  curvas.  Aecordin.a,l>' the int.egrated

area  oi strain  is said  to be almost  prc]portional

        inrx:t:,,akggn+pCRz

ro:p:a,kg,aLion

                            Ai,Ap,At:Area

        
'i
 AtgAi-Ap

        ut Ai p
                                  F:diQure
                           

.Nx=.tsLLF--

          o
                    Time

 Fi.cr. 9 Sehemazie diagram n ±
'
 hamrner struintrans{ent

AffwhyY.ut

5a321o7654321o

SteeECodeABc

Symboa-v-m-[]-wa...eth

Ao

&IJY
@

.-,si{i

xiptpefi 
r

  umL---

ol  High-toughness 9%  Ni Steel l81

to the ",ark  done [,n thc process of  specirr}en

bi'eaking and  eventuaily  proportional to the

absorbed  enctrgy,  i'sppiying  this relation,  the

nhsorbed  energy  wtre･  separated  inte the crack

iniLiation energy  i,Ei) a}i[1 the propag'ation           '
eiiergy  (P]p) ip aecordallce  "rith  the area  ratio

shown  in Fig. 9, Ei'ig. 10 shows  the Ii.illl'p
transitiori curvtns  oi' five kinds oi  996 Ni steel.

I/l'p $hows  the transk.ion  more  tclearly  eornpared
'vvith

 Ei. LJnder ex[reniely  low temperature  of

[iquicl' helium, Ei increases reinar'kabl>,,  dif-
fcrentiating it. [rom the usuai  transition

phenon'iena, wbich  is thought to be due to the
sl/rellgth  enhaiicement  in this t.emperature
range,

  Fig. 11 shows  thc'･ relation  betweE,n the erack

propagation energ}, Ep tind  Kca values  foi'
St.eels A, B, and  ll) as  w{,ill  as  the result  of

curbon  steel  
'fot'

 ]o'i･v temperature  service  (JIS
S].jX33B). ?<ca x,･alues  here u,ere  eonverted  for
                                      '
3'Omm thick  })late by using  ]"quations <[3) and

(,O , .F.ilquatien f(6) t/learl],  shows  tlie existence
o/f 

'Lhe

 rel;.ition between  }t'p a:.d  thc eonverted

Kea  for three  kityas of  9%  Ni steel  with

di'fferent tou.vhness  levels.

  I<ea(t""30nim) ==  ･150ET}C"5(kgf/mm3'2)  (6)･
wher'e]  Ep : crack  propa.as,ation energy  Cltgf'ni)
   The nrrestabilit>'  of  996 Ni steel,  that is Kca

valuc,  can  be estiinated  by }L'quation (6), The
!'elatl/on  betweei) Lhe te,rru)cratiire and  Kca                           i
values  estimatect  1't'om Ep was  cornpared  with

 Lhat ebtained  by SD[ti tests in Fig. 2, Both

AE"Npt""xu

Fig, 10
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coincide  well  for Stc,.els i'L., B  anci  l),

6. Cgltz¢ Eusgort

  Three surface  slitted Charp}s ioipact tests

:.Lre proposed  jn ordcr  I.o kno'w the arrestability

of high-toiitthness 99() Ni ,steel. X,'arioiis

csLimaticm  mcthocls  were  considered  bas(v'd on

t.he results  oi  thrce sur;ac'c  slitted  Charpy
lmpact tests, using  9. %  Ni stuels  "ihose

toughness levels were  deliberatel.y varied.

   ('L)'I"oughness evaluatien  
'for

 the  rc/cent]}r

    devcloped 9%  Ni steels  based oTi t.h¢

    s'Lanclard  V-notchcd Charpy impact test is

    insu'fficient' np.d  the applieation  of  threc,,

    surfaect  slitted  i.]barp},, impae.L 'ic･st
 is

    et'fcctivc,
   tt
   (,Zt) Though  t.he snriace--n{/n'.che.d  doul)]e

     tension test CSI/YI'1) is affue'[ivc' 
'lo

 ebtain

     Lhe, aE'rcstabllit}･' of vsuaj  high･ tou/glmc'ss

     niaterials,  it, is 'st/i]i
 di/t,r'icult ior r･eeenL

     higli touglmess SIV() Ni st.,/-els to ide-Lif.y

     Kca  values  at  tbe licl uict n I' trogen  Ltnn p. c"rF.k-

    1'/1!r{'/,

   (1i'l)' E)cluations C[l) Eu]d  
'//('i)

 ,,ti'e proposec[ as

     foi'i]'i ll]21cl t,.o c)sl'.imtL[e cr'aclg. ar'f'cst'ubiljts, of

     high--toughness 9C;6 Ni sk'c:ls  base.d t･n the

     .result of  tthe thrve  sLirface  sMl/ed  Clitn'py

     illll};ICt tC]St,
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