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                                   Abstract

   A stu4v  on  the cracking  suscoptibility  qf  noduiar  grophite cast iron by means  of the iniplant test at  dtehrent heat iopttts

is described. Mbst qf tFe imptant specimens zvere 6 mm  in diameter and  made  tt)ithoul notchirg.  PVbld heat imputs, teith

the use  of4 mm  diameter DFCAriFle t)pe plectrodb  (55?{,Aii-Fe), [vere  changed  as  1.8, 2.1 and  2.4 k.ltmm  tvith  1.67 mmisec

travel speed and  50 mm  bead length, 4fler weldeng,  ze/hen the temperature ofthe HAZ  cooted  to abeut  673K] the toad was

qoptied.

   77}e implant specirnens were  fiactured at  abeut  373K, which  was  beiow the MS  temperature of the cast  iron used.  in

the heai imput range  ofthepresentstud.v, when  the heat imput tvas  increased; the iower critdeal stress qiJ/racture slight(.w  increased;

b"t it ze/ent ap to ong.v beloiv one  haif of the sfren,gth  of the base metal.  7he implant specimens were  fiacttirea' ai  the part of
the martensite  structure  witl,  the fi!'ghest micro-vichers  hartiness number,  about  900. Thefiacture sucfhce  consisted  of'main(y
intergranularfiacture Lvitlt Partly guasi-cleavagefiacture mode.

Key  Words:  Nodular  graphite cast  iron, S･XJeld celd  cracking,  Implant  test, Martensite  transformation  start

temperature,  Lowei  critical  stre$s, SMA  welding

1. Introduction

  Cast iron still  remains  a  diMcult material  to weld

though  steel  welding  technology  has made  great

progress in recent  years. Cast  iron weldings  are

now  mainly  employed  in repair  works  and  not  posi-
tively  in weld  structural  works  because of  the  low

reliability  of  the  cast  iron weld  joint. Cast  iron weld-

ing studies  have used  various  methods  such  as  arc

weldingi),  elcctros]ag  welding2)  and  
-electron

 beam
welding2),  A  succcssfu1  example  of  gas welding  of

nodular  graphite  cast  iron with  thc fiLler matcrial  of

high silicon  hyper-cutectic nodular  graphitc cast  iron

has also  been reported4).  If we  can  succeed  in get-
ting  a  reliable  enough  cast  iron we]d  joint by rneans

of  arc  weldnig,  the  most  popular  process of  weld

structurc,  then  cast  iron may  cease  to be a  diMcult

rnaterial  to weld,  which  is now  beset by  the  problem
of  weld  cracking  due  to the  fbrmatiDn of  white  cast

iron in thc  fusion zone  and  martensite  in HAZ.  Weld
cracking  is the  first preblem  to be solved  for improving
the reliability  of  cast  iron weldjoint.

  In Lhis paper the  authors  explered  the  possibility
of  estimating  the  cracking  susceptibility  of  nodular

graphite cast  iron by  the  implant test, 1'his matcrial

was  adopted  for the  test because it has cxccllcnt  pro-

perties such  as  high strength,  ductility, machinability

and  wear  resistance  and  is used  often  as  a  structural

member  in place ofsteel.

2. Materials and  Experimental  Procedure

  The  base material  is nodular  graphite  cast  iron of

590  MPa  tensile  strength  (FCD 60) and  the electrode

adopted  is Fe-Ni base electrode  for csat  iron (equiv-
alent  to JIS DFC  NiFe, 4mm  diarneter) which  is
readily  available  in the  general market  and  is there-
fore convenient  for practical applications.  Table 1
shows  the  chemical  compositions  and  tensile strength

of  thc  base metal  and  the  deposited metal.  The

base metal  has a  micrestructure  of  
"Cbull's

 eye",  or

nodular  graphite surrounded  by  circular  ferrite in
the  pearlite matrix  as  shown  in Fig. 1. Implant
specimens  are  machined  to the  shape  and  sizc  shown

in Fig. 2 from cast  bar deflection test  pieces of  30  mm

diameter and  500 mm  length. The  implant  specimen

usually  has a  circurnferential  notch  or  a  spiral  notch,

but in this  experiment  the  specimens  were  mainly

smoothcd  specimens  6mm  in diameter. For com-

parison, 5 pieces each  of  the  smoothed  specimens  and

the  circumferential  V-shapc  notched  specimens  <O.5
mm  depth of  notch,  5mtn  diameter at  the notch

bottom  and  O,1 mm  notch  tip radius)  werc  sub.jccted

to  tcnsion  tests, and  both specimens  showed  ncarly

thc  sarne  mean  strength,  605.6  MPa  and  606.6  MPa

rcspectively.

  A  study  by Noguchi5>  of  the  rupturc  stregnth  of

round  cast  iron bar  with  circumferential  notch  analy-

ses  shows  that  nodular  graphite  cast  iron changcs  in

    Table 1 Chemical  compositions  and  tensile  strength  of

           nodular  graphitc  cast  iron used  and  depositcd
           metalChemicelco[posjzl'ons<int:/･

CS/MnPSMgNfiT.S.(N.Pa)

FCD603.552,19O.41O,024O.OllO.O]-605,6

Depe,metelOFC-FeD.ggo,?s1.goo,oolo.oo2-s4.14S20
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Fig. 1 ptIicrostructure ofcast  iron uscd
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Sizc and  shapcs  of  implant  spcciincns

strength  with  notching,  the  same  as  stccl  does, This
behavior is diflerent from that of  flaky graphitc  cast

iron, which  is regarded  generally as  a  matcrial  with

low  sensitivity  to  notching.  In  his report  thc  ex-

perimental  results  show  about  FCD  60  when  the

elastic  stress  concentration  factor a  is up  to 2.6, but
in the  prcscnt ",ork  the  valuc  ofa  is 7.2, This number
is obtained  by  Neuber's  methcd6)  applied  to the  size

of  the  nolched  specimens  rnentioned  above.  For

this sizc  of  notch,  the  notch  efflrct  of  tiny  nodular

graphite  grains dispersed in the  matrix  may  bc grcater
than  the  three-dirnensional  restriction  effect  ef  thc
notch,  and  this  might  lcad to  no  difference in strength

between the  smoothed  and  notched  specimens.  In-

deed practically no  eflbct  of  the notch  was  found in
the  results  of  the  implant  tesL  as shown  later in Fig.
5-B, Fig. 3 shows  the  size  and  shape  of  thc backing
plate. The  mild  steel  plate (SS 41) is grooved  to a

dcpth of  3mm  and  drillccl with  holes to insert the

implant specimens  so  that  the  bead lcngth becomes
50mrn  as  the  electrode  maker  recommends.  This
mcthod  permits  thc  test to be made  eight  times  with

one  backing platc, Graajon7) reported  that  thc  ther-
mal  cycle  of  the  implant  test specimen  coincidcs  with

the  thermal  cycle  which  is determined by the  charac-

teristics of  the  backing plate when  the  materials  of

thc  tcst specimen  and  the  backing  plate difler from
each  other.  Figure 4 shows  the cross  sectional  macre-

photographs of  the  bcads  on  the  samc  size  backing

o 5 50
m

50 75

i ,

8

I I'

1

1

1

1'1
1 , l

300

Fig. 3 Si7e and  shape  ofbacking  plate

    Backing  plate  SS41 FCD  60  2mm
                                  -

Fig. 4 Macrophotographs efwclds,  backing p]ate: SS41  Cleft),
     FaD60  Cright), heat input: 2.1 kJ/mm

plates of  SS 41 and  FCD  60 rcspectively.  Though
the  penetration of  the  cast  iron plate was  deeper be-
causc  of  its lowcr  melting  point, the  pcnetration  of  the

implant  test spccimens  was  almost  the same  in spite

of  thc diflbrence of  backing  plates. As  mentioned

Iater, all  the  implant test specimens  fracturcd at  HAZ,

so the  difllerence in matcrials  between the  specimen

and  the  backing platc seemed  to  pose  no  problem.
As  shown  in Table  2 the  heat input was  changed  in
three  stages.  The  experiments  were  executed  at  room

tempcrature  without  preheating  er  postheating. To
obtain  the  heat cycle  at  HAZ,  holes were  dri]lcd from
the  bottorn side  of  the  backing  plate at  two  points,
each  10mrn  from the  test specimcn  on  both sides

along  the  welding  line and  almcl-chromel  thermo-

couples  were  inscrted into these  holes so  that  thc  heat
scnsing  points camc  at  the position of  the  weld  bond.
Based  on  the  rnean  thermal  cvcle  obtained  after  sevcral                        '
expcriments,  the  starting  time  of  the  test ]oading  was

determined and  the  temperature  of  HAZ  at  the  time

of  fi'acture of  the  imp]ant  specimcn  was  estimated.

  Table 3 shows  the  cooling  time  from  I073K  to 773K
at  each  stage  of  the  heat input. The  standard  starting

            Table2  Weldingconditions

 Welding  speed

 Bead  length

 Heat  input

(Welding current>

       1.67mmfsec

          50mm

1.8kOlmm,  2,ltJfmm,  2.4kJ/mm

 120A  140A  160A
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Table  3 aooling time  from 1073K to 773K  at  par.ially
       melted  zone

Heatrinput

kJfmm

Coolingtfime(sec)

1073K-773K

1.82.12.4 3.94.54.9

time  of  loading was  set  at  10 seconds  after  the  arc

passed  the  center  of  the  test specimen.  At that  timc

the temperature  of  HAZ  was  comparatively  high,

being  around  673K.  The  reason  for setting  the

loading start  time  at  such  a  high temperature  is that
the  temperaturc  at  which  thc martensite  transforma-

tion  does notyct  occur  at HAZ  is thought  to be de-
sirablc.  This is in accordance  with  a  reportS)  which

says  that  thc  wcld  crack  of  high  earbon  steel  is con-

sidered  a  kind  of  quenching  crack  duc  to the  martcn-

site  transformation,  The  testing apparatus  cmployed

in this  study  is a  lcver type  tester  which  applies  a

load  to thc  tcst specimen  by removing  pressure from
the  oiljack  supporting  the  preset weight.  It reaches

the  sct  load  in 1.5 seconds  while  the  temperature  drops

abDut  40K.
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3. Experimental  Results  and  Discussion

3.1 Resutts ofimPlant Tlast

  Figure 5 shows  the  relation  between the  applied

stress  and  the  temperature  of  thc  bond  line at  the

time  of  fracture at  each  stage  of  heat input. Each  dot
in the  diagrams  represents  a  temperaturc  at  which  the

test specimen  fracturcd, and  when  the  specimen  did
not  break until  the  temperature  dropped to 323K,
the  test was  stopped.  This is shown  by  an  arrow

mark  in the diagram, In  the  case  of  2.1 lgJ!mm
welding  heat input (Fig. 5-B), most  tcsts started  load-
ing at  683K,  but several  tests started  it below  683K.

They  are  shown  by the marks  eA-  in the  diagram.
The  tcst rcsults  show  that  circumfercntial  notch  speci-

mens  and  spiral  notch  specimcns  fractured in the  same

range  of  temperatures,  and  little diflerencc was  found
between the  smoothed  specimens  and  notched  speci-

mens,  In  all the stages  of  wclding  heat input, the

specimens  fractured at  around  373K,  regardless  of  the

load starting  temperature.  There was  a  tendency  to

shift  to the  hotter side  as  thc applied  strcss  increased.

  The  critical  rupture  stress increases as  the  welding

heat  input  increases, but the  increment  is small,  the

critical  stress  for 1.8, 2.1 and  .2.4 kJ/mm ofheat  input
being 250, 274 and  290 MPa  respectively.  The  fact
that the  fracture happens  at  a  constant  tempcrature,

around  37SK  with  litt]e variation  accerding  to the

stress,  time  and  heat input is considered  to be related

to  thc quench cracking9).  For evidence,  small  test

pieces having  3 mm  diamcter and  IOmm  length  were

machined  from the  implant  test specimcns  and  sub-
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       600  500  400  300
            Temperature  (K)
Resu!ts  ofimplant  tests, heat input: 1.8IUImm  (upper),
2.1 lij1'mrn (middle) and  2.4iU/mm  (lower)

jectcd to  the  continuous  cooling  transformation  measur-

ing apparatus  to find thc  martensite  transformatien

start  temperature  (Ms point), and  the  result  is shown

in Fig, 6. The  thermal  cycle  given  to this test was

the same  as  that  in thc  implant tcst on  2.1 lgimm  heat
input  (4.5 seconds  for cooling  from i07SK  to  773K),
and  the  maximurn  heating temperature  was  altered.

The  diagram shows  a  rcmarkablc  drop  in the  Ms

point  with  an  increasc in maximum  hcating tempera-
ture. This is considered  to be due te  a  difllerencc of

carbon  diffUsion from  thc  graphitc grains to the  rnatrix

structure  during the  thermal  cycle,  and  this means

(53)
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Fig. 6 Relationsh{p beLween maximum  heating temperature
      and  pt･Is. temperature  ofcast  iron used

that  diflbrent spots  in the  welding  hcat-aflbcted zone

of  cast  iron have diflerent Ms  points according  to their

thermal  cycles.  Thc  fact that  the  ternperature  at

which  fracture occurs  (shown in Fig. 5) is ebviously

lower than  the  }vls point (shown in Fig. 6) rneans  that

the  fracture occurs  after  the  martensite  transformation

begins to  progress on  the  weld  bond  line.

3,2 Strttcture of Fractured Region

  It has been reported  that  the  welding  bond  Hne  of

cast  iron contains  a  ledeburite structure  which  is formed
from  high  carbon  melt  by rapid  cooling  and  is the

Fig, 7pt(ierostructuie ofwelds,  heat input:2.llgtmm

metastable  cutcctic  structure  seen  in the  Fe-C  double
diagrarn. The  authors  tried  to find out  the  relation

between the  lcdeburite structure  and  the  weld  crack

of  cast  iron by means  of  observation  and  analysis  of

the bond  line structure  according  to the  suggestion  of

Savageie) who  proposed a  detailed definition of  the
bend  line. The  bond  line has been  loosely defined

and  uscd  with  widely  diflbrent meanings.

  Figure  7 shows  a microstructure  of  the  weld  region

of  nodular  graphite  cast  iron subdivided  according  to

thc  proposal  of  Savagc.  In  region  III, a  ledeburite

is scen  around  nodular  graphitc grain. This  Iede-

burite can  bc considered  a  metastable  eutcctic  struc-

ture  solidified  from  the melt  produccd  by  the  efTlect

of  
(Cconstitutional

 liquation'', This means  the  Iiquation
of  the  matrix  due  to lowering  of  the  melting  point
caused  by carbon  concentration  increased by  carbon

diflUsion from graphite  grains to the  matrix  during

the process of  welding.  Hereafter we  refer  to the

section  where  any  ledcburite is found as  the  
`:partial-

ly-melted zone",  and  te  the  section  where  no  lcdeburite
is found as  the  

"truc
 heat-aflected zone".

  Figure 8 shows  an  example  of  the  microstructure  of

the  fractured region  of  a  specimen  which  was  frac-
tured  at  405K  under  the  stress  of  404.7 MPa  and

welding  heat input  of  1.8 lgJimm. This is a  photo-
graph of  the  fractured part of  the  backing plate side

which  was  nickel-platcd  on  the  face of  the  fracture,

cut  longitudinal by an  clectro-spark  rnachine  and

ground  for microscopic  observation.  The  upper  part
of  the  photngraph is the  composite  region  sidc  and  the

lower nickel-plated  part is the  true  heat-aflttcted zone

side.  Close observation  reveals  that  the  fracture occurs

at  the  martensite  structurc  in the  true  heat-aflected

zone  adjoining  thc partially-melted zone  where  nodular

graphite grains arc  surrounded  by a  ledcburite. Mi-
crostructurcs  of  thc  fractured zone  sho"･  thc  same

pattern regardless  of  the  welding  hcat input  and  the
specimens  wLth  circumferential  and  spira]  notches

fracture at  the  martensitc  structure,  the  same  as  the

smoethed  specirnens  do.

  Figure 9 shows  an  example  ofa  SEM  image  ofa

fractured section  of  a  smoothed  implant specimen

fractured at 348K  under  the conditions  of  2.1 kJimm
of  hcat  input  and  278,3 rvlPa of' applied  stress.  Most

                      l.-1.....,,,..t
OOuM

Fig. 8 Microstructure  ef  fractured region
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Fig. 9

                        1Qum
                         H

Fractographs ofthe  specimen  fractured at  e48K,
heat input; 2.lkJ/mm, applied  stress:  278  MPa,

(a): center,  (b): circumference

of  the  central  area  of  the fracturcd part is occupied

by intergranular fracture and  partly by quasi-cleavage
fracturc. The  circumferential  part consists  of  a  wide

quasi-cleavage fracture area  and  a  partial intcrgra-

nular  fracturc. Black grains in the  photograph are

nodular  graphite and  the  fractograph  shows  that  al:

most  no  plastic deformation is fbllowed by a  firacturc,
which  takes place in the  martensite  structure.  This

pattcrn of  fracture diflbrs obviously  from that  of  the

tcnsion  test specimen  which  contains  dimples and  river

patterns, and  it proves  itself to  be  formed  by a  brittle
fracturc due to  the  formation  of  martensite  structure.

As the  fracture took  placc instantaneously without

prcliminary  changes,  any  data that  could  give infor-
mation  concerning  the  progression of  fracture were

not  obtained.  Evcn  close  observation  of  the  fractured
section  could  not  detect the  starting  point cf  cracking

in either  the  ccntral  or  circumferential  part of  the

section.  Also, the  heat-afilcted zone  of  the  non-

fracturEd specimens  was  surveyed  carefu11y,  but an

arrested  crack  could  not  be found.  These are  the

problems  that remain  for future study.

3,3 Hitrdness Distribution of the E'actured Ragion

  Figure  10-(A) and  (B) show  examples  of  hardnEss

distribution ef  the  weld  zone  measured  by  a  micro-

Vickers  hardness tester, with  2.94  N  of  testing  load.

(A) is the diagram for a  non-fractured  implant speci-

men,  with  the  erigin  of  the  coordinate  axes  set  at the

upper  end  of  the  specimen.  (B) is for a  specimen

which  fractured at  354K  under  the  stress  of  356.5
MPa  was  nickel-plated  on  the  fractured surface.  The
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       ness  value  of  fractured regien

origin  of  the  coordinate  axes  is located on  the  frac-

tured  surface  in thc  longitudinal cross  section.  The

diagram (A) shows  an  abrupt  rise  in hradness at

areund  2mm  depth  from the  implant end.  This

hard placc is locatcd just at  the  above  mentioned

weld
 boundarv  where  the ledeburite solidification             '

and  the  rnartensite  transformation  took  place. Good

correspondence  of  the  hardness distributionbetwcen

(A) and  (B) diagrams proves that  the  fracture took

place in the  structurc  around  the  highest hardness

zone.

  Figure  11 shows  the  change  of  critical  rupture  stress

and  the  hardness at  the  fractured region  according  to

the  change  in welding  heat input, Thc  hardness  of

the  fractured region  has a considcrably  high value,

such  as  900  to  950 H..,  with  little rcgard  to the change

in heat  input. As  shown  in Table 3, the  cooling

tirnes from 1073K  to 773K  arc  3.9 scconds  and  4,9

seconds  for the  heat input of  1.81of/mm and  2.41gJ,imm

respectively.  The  slight  difllerence in cooling  time  is

considered  to have no  significant  infiuence en  hard-

ness, although  the  critical  rupture  stress  shows  a  slight

lncrease.

3.4 Dinitsive Lij,deogen

  As  the  implant tcst of  stcel  is mainly  ernployed  in

the  study  of  the delayed cracking  due  to the  difllisive

hydrogen which  tends  te accumulatc  at  the  stress-

concentrated  spots,  thc  shape,  sizc  and  location of

notching  have been studied  and  designed such  that

the  fi/acture takes  place at  the  notchi2).  However
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it has been  reported  that  the  implant  test of  high
carbon  steel  is not  aflected  much  by  diflUsivc hy-
drogeni3), and  another  report  says  that  the  under-

water  welding  test using  nickel  core  wire  electrodc

accumulates  littlc diflUsive hydrogen because the  weld

metal  forms  an  austenite  structure  containing  much

solid  solution  of  hydrogeni`).

  To  study  the  eflect  of  difltisive hydrogen on  the

results  of  the  present work,  diflUsive hydrogen from
the  beads of  50 mm  length laid with  the  testing  elec-

trode  on  thrce pieces ef  cast  iren plate was  collected

m  mercury  according  to the  standard  procedurc ofJIS
Z3113. The  measurement  after  96 hours showed  al-

most  no  diflUsive hydrogen.  Based  on  the  result  of

this  test, the  authors  considered  that  no  hydrogen par-
ticipated in the  cracking  ofthe  present study.

3.5 Estimation of Cracki,qg SusccPtibility

  Unlike  in thc case  of  stecl,  the  implant test of  nod-

ular  graphite cast  iron proved that the  critical  rupture

stress  can  bc obtained  in a  specific  range  of  tempera-

tures  after thc  martensite  transformation  progresses to

a  certain  extent,  while  a  change  in the  testing  load and
starting  time  of  the  loading has little effect.  The  fact
that  the  fracture takes  place at the high hardness part
in the  heat-afll]cted zone,  and  the  critical rupture  stress

rises  enly  slightly  as  the  welding  heat input increases,
mcans  that thc  test results  have becn  obtained  as an

eflect  ofwelding.

  In  the  case  of  stecl  many  reports  of  weld  cracking

have been  presented, and  the  implant test has been
standardized  in WES  1104 as  a  testing  method  of  cold

cracking  at the  heat-afll]cted zone  ofsteel  weld.  But
in this rcport  no  survey  is made  to find out  the  cor-

respondence  with  other  wcld  cracking  tests, and  no

ether  report  of  weld  cracking  test of  nodular  graphite
cast  iron to be compared  with  ours  is available  at  pre-
sent,  so it will  raise  a  problem  ifwc conclude  only  fl/om
the  results  stated  above  that  the  implant test can  lead
to an  estimation  of  cracking  susccptibility  of  nedular

graphite  csat  iron. Herc  thc  authors  state  only  that                                         '
thc  critical  rupture  strcss  at  the  heat-afltcted zone  of

nodular  graphitc  cast  iron can  be obtained  from the

implant  test.

4. Conclusions

  Thc  fb]lowing is a  summary  of  the  results  of  an

implant  test of  nodular  graphite  cast  iron of  590 MPa
class  tcnsile strength  welded  with  coatcd  arc  welding

electrode  of  55 9,b' Ni-Fc  base (JIS DFC  NiFe)  at  room

ternperature.

  (1) The  implant test can  give the  critical  rupture

stress  at  the  heat-aflbcted zone  of  nodular  graphite
cast  lron.

  (2) A  fracture of  the  implant  test specimen  takcs

place at  about  373K, without  regard  to the  loading
start  temperature.  

'l'he

 temperature  at  which  the

fracture takes  place shifts  slightly  to the  hotter side

as  the  loading  strcss  increascs, but in any  case  it is                                    J
lower Lhan  the starting  temperature  of  martensite
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transformation  of  the  spccimen,  or  the  fracture takes

place after  the  martensite  structure  develops  to a

certain  cxtent,  The  critical  rupture  stress  increases
slight]y  as  the we]ding  heat input  shifts  from 1.8kJl
mm  to 2.41glmm, but in any  case  it is less than  one

half of  the  strength  of  the  basc metal.

  (3) Thc  fracture takcs place at  the  martensite

structure  ef  high hardness in the true  heat-aflected
zone  adjeining  the  partially melted  zone.  SEM  ob-

scrvation  of  thc  fractured section  revea]s  that  the

greater part of  the  central  area  of  the  fractured sec-

tion  consists  of  intergranular fracture, and  most  of

thc  circumferential  part consists  of  quasi-cleavage
fracturc accompanied  ",ith  no  plastic deforrnation.

  (4) As  the  netch  cflect  of  tiny  grains of  graphite
dispersed in the  matrix  is a  dominant  factor in cast

iron implant  testing,  no  difllerence between  the  smooth-
ed  specimens  and  the  notched  specimens  is found, and
therefore  notching  the  specimens  is not  necessary.
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