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Effect of  Sulphur on  Solidification Cracking in
Weld  Metal of  Steel (Report 2)"
-Theoretical

 Investigation on  Change  in Liquid Composition among

  Primary  Crystals during Weld  Solidification and  on  New  Parameter
  Replacing  MnfS  in Fe-S-Mn  Alloy Stee1-

By  Hiroji  NAKAGAWA**,  FukuhisaMATSUDA***andTomioSENDA**

                                   Abstract

   
7)lie dilect (tl'suiphur  and  manganese  on  the za'etd  sotidijication crack  in steet  is u,tually  di,scussed in terms  of' a Parameter

i'lfn  ,"Sratio.  7he.barameter iVn ,,'S, hoeevever, is considered  to be ambiguous  in the metaUurgicai  meaning  though  it is conventionalb'
and  esperimentatb,  ujed,  On  the other  hand  the solidifieatien c'rack  is ciosel.v  relaied with  the microsegregation  ofsuiphur and

manganese
 
during

 the solidipcation.  -'or the.se reasons,  the change  in liguid composition  among  ceUs  or  ceUular  dendrites during
the zvekl  s'otidCtication  qf Ee-S-il4n agttly steet  ir discussed using  Ilfhnn's efuatiLn  in thit roport.  1;u)'the)', fp, tinaLyzing  the

relation beteveen the change  in tiquid cemposition  theoreticatij deduced and  the Ee-S-Mn  phase diagram, a  new  Parameter is
derib',ed.

 
71JLe

 
eniv

 Parameter if shoLvn  as  Mh3/S  in the ca.se te'here  6phase setidtfies,  or  A4h5,/S in the case  a,here  r Phase s'otidtties,

1. Introduction

  It is well  knewn  that  manganese  is a  bcneficial
elernent  to  prevent the  detrimental eflect  of  sulphur

on  the  solidification  crack  of  steel.  The  manganesc

content  rcquired  is usually  given  as  Mn,i'S ratioi'2).

The  lbrmation  lirnit of  FeS  or  MnS  is also  given  with

Mn/S3'`). 'rhe

 parameter  Mn,iS,  howevcr,  is con-

sidered  to have  only  convent{onal  meaning  rather  than

a  definite metallurgical  meaning.  Thcrefbre a  para-
meter  with  a  definite mctallurgical  rneaning  should

be  given instead of  MniS,  though  MnlS  is a  usefu1

paramctcr  in a practical meaning  for the  steels  which

contain  the  same  sulphur  content.

  On  thc  ether  hand  both  the  solidification  crack  and

sulphide  are  fbrmcd  at  grain boundary  of  priinary
crystals  (including cell  or  cellular  dendrite  boundary).
Thereforc,  in order  to obtain  a  new  parameter,  it is
considered  that  thc  relation  bctween sulphur  and

manganese  concenLrations  in thc  rcmaining  liquid at

the intcrcrystalline region  during the  weld  solidification

has to be  investigated.

  For these  reasons,  in this rcport  a  theorctical

equation,  with  which  the  composition  ol' thc remaining
liquid during  non-e.quilibrium  weld  solidification  of

a  fundamental Fe-S-Mn  a]lov  steel  can  be drawn  on

Fe-S-Mn  phase  diagram, is investigated. Further
by  anaiyzing  thc  relation  betwcen this theorctical

equation  and  the  Fe-S-Mn  phase  diagram, a  new

parameter  is dcduced. This  new  parameter can  be
wel]  applied  to the sulphides  and  the  solidification

crack  susceptibility  in the  weld  metals  of  Fc-S-Mn
alloy  stce]s5).
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2. Qualitative Explanation  on  Solidification

   Process  of  Fe-S-Mn  Alloy  Steel

  It is necessary  to clarify  the  solidification  process
of  Fe-S-Mn  alloy  stecl  in order  to  investigate the

problem  above  mentioned.  Fe-S-Mn  phase  diagram6>
and  its qualitative diagram are  shown  in Figs. 1(a>
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and  (b) respectively  In  Fig 1(b) the  curve  e,'E  
is

Fe-FeS  eutectic  curve,  the  curve  e,'E  is FeS-(Mn,Fe)S

euteLtic  curvc,  the  curve  e3'E  is Fe  (containing Mn)-

(Mn,Fc)S eutectic  curve,  and  the  point E is Fe  FeS-

(Mn,Fe)S ternarv  eutectic  point  In an  Fe-rich Fe  S-

Mn  alloy  steel  the solidificatTon  arises  in  the  region

between the  apex  Fe  and  the  curve  ei'Ec3',  since  the

iron  containing  manganese  (and also  a  very  1ittle

amount  of  sulphur)  solidifies  as  the  primary  phase
  Thc  solidification  process of  an  allo}  steel  whose

composition  is represented  for example  as  the  point A,

or  A, in  Fig 1(b) is as  fbllows The  sulphur  and

manganese  conccntrations  in  the  remaining  hquid

increase  as the  primar>  phase solidifics,  because  the

distribution coeMcients  of  both  sulphur  and  manganese

are  less than  unity  accordmg  to  Fe-S phase  diagramT)

and  Fe-Mn  phase diagramS)  Especially the  enrich-

ment  of  sulphur  is rernarkable  owing  to its verv  small

distribution coefficient  Thercfore  the  composition  of

the  remammg  hqu]d  gradually changeg  along  thc

curve  with  an  arrosu  from the  point A, or  A, on  the

phasL  diagram  When  this curve  reacheg  the  eutectic

curvee'3E  atpomt  b, or  bp  (Mn,Fe)S starts  to sohdily

Bv  the  "aN,  there is a  pomt  R  on  the eutcctic  cune

e3'E  which  shows  the  maximum  temperaturc  (15100C)
Because of  this, the  remammg  1iquid Lomposmon  of

allos  Ai, "hose  cu-e  has reaLhed  thc  pomt  b, bet"een

the  pomts  R  and  L, moves  toward  the  point E, and  the

solidification  is finished whcn  the  remammg  lrquid hag

vanighed  In  some  allo}s  which  have  h]gher sulphur

[ontents,  the  remaining  hquid reaches  thc  pomt  E,

and  )e-(Mn,Fe)S-)eS  ternary  eutectic  is formed

  On  the  other  hand  thc  remaining  liquid com-

posiuon of  alloly  A,, "hose  curye  has reched  the  pomt
b, bet"ecn the  points R  and  e3i, moves  toward  the

point e,',  and  thc  sohdification  ig finished when  the

remainmg  1iquid has Nanished

  This  is the  qualitative cxplanation  en  the  sohdrfi-

Lation  process of  be-S-Mn  alloy  bteel  Judgmg  from

this procehs, in  order  to  obtain  the  new  parametei  it

would  be necessarv  ito quantitativel} descmbe the  curve

along  which  the  remammg  hquid  composition  changes

 (that is,  for example,  curLe  A,bi or  A,bD This curve

is named  
Cchangmg

 curve  in  hquid compesiuon"

after  th]s

3. Solidification  Model  fer Weld  Solidification

  Smce  the  wcld  solidification  is a  non-equihbrium

solidifitation,  cell  andtor  cellular  dendrrte structure

are  formed  as shown  in  Photo. 1. The  
"changing

curse  in  1iquid composition"  must  be  apphed  to  these

boundaries, because sulphur  and  rnanganese  segregate

to these  boundanes  The  substructure  of  equiaxed

cr)stal  swhich  is sornetimes  fbrmed  in  the  "eld  metal

of  steel  can  be  regarded  as  ce]lular  dcndmte Bcsides,

sulphui  and  manganese  segrcgate  alse  to the  grain

boundar>  such  as  the  columnar  grain boundarly As

regards  the  segregation  this grain boundarlr maly  be

approximated  bv thc  cell  boundar>  when  the  cell

structuie  is formed, or  the  cellular  dendrite boundary
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Typical  solidincat]en  substructure  in  wc  ld meta]

"hen  the  cellular  dendrite structure  is formed

  The  microsegregation  to these  boundaries may  be

approximated  bv  the  model  shown  in  Fig. 2. That  is,

the  microsegregation  to  thc  cell  boundar> rcsults

from the  solidificat]on  procesg which  advances  per-

pcndicular to  the  pmncipal growth  direction ef  cell

        t2Lc-ri  e2Lp-

        n]1  1

Fig  2
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1]lustiation of  solidtfication  process ot  (a) cell,

(b) cellular  dendrite and  (c) uniaxial  grewth model
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Ck-(C,IC.3)C,;3""-"･--(5)

By way  of  example  Eq, (5) is illustrated as  curve  a  in

Fig. 4 for the  case  in which  the  sulphur  content  C. ==

O.059/6 and  the  mangancse  content  C.=0.5%.
  On  thc  other  hand  both carbon  and  nickel  which

are  the  important elements  in the  steel  are  r phase
stabilizers.  Therefore  r phase  solidifies  in a  stecl

containing  carbon  andtor  nickcl  over  a  limit content.

The  
"changing

 curve  in liquid compesition'i  for such

asteel  may  be approximated  by  that  of  Fe-S-Mn  alloy

steel  in which  r phase solidifies  as  the  primary  phase,

because of  the  next  three  reasons:  (1) Carbon  does  not

form sulphide  in the steel. (2) The  sulphide-forming

tcndency  of  nickel  is smaller  than  that  of  ironi'). (3)
The  solid  solubility  ofnickel  in MnS  is small  (< 1O%)  

i2'.

  The  distribution coeMcient  of  manganesc  kM in thc
case  where  r phase  solidifies  is about  O,8 according

to Fe-Mn  phase diagramS).  As regards  ks the  value

zero  was  adopted,  becausek s=O.OO04  -"O.O04  according

to Fe-S  phase  diagram7). By  substituting  these  values

into Eq. (4), the  
"changing

 curve  in liquid com-

position" for the  case  whcre  r phase  solidifies  becomes:

               Ck-(C./C.,5)(;ft5 ････････-･･･(6)

Eq.  (6) is illustrated as  curvc  b in Fig. 4 Ibr the  case

in which  C. =O.05  9,b' and  C.  =O.5  9,S ･

5. Derivation  of  New  Pararneters  Replacing

   Conventional  Mn/S

  According  to  Eq, (4), steels  in which  their com-

positions are  not  the  same,  but  the  values  of

Cs/Cl}t"i'k,g)fCi"k.n') Cor CM(rJles)f[imkM)t'Cs) are  the  same

have the  same  
``changing

 curve  in liquid composition",

though  thcir  starting  points of  the  
[`changing

 curves

in liquid composition"  are  diflerent. In other

words,  in the  steels  which  have the  same  value  of

C.C'-ksYCruleM)/Cs the  compositions  of  their  remaining

liquicls undergo  the  same  change  in the  process of

solidification,  though  theirinitial  com-  positions and

thus  their  liquidus temperatures  are  different from
each  other.

  Therefore the  cornpositions  of  the  remaining  liquids
reach  the  sarne  point on  the  eutectic  curve  e3'E  in Fig.

1(b). These  remaining  liquids after  reaching  the  same

point shift  on  the  eutectic  curve  with  the  subsequent

temperature  drop, and  are  considered  to finish their

solidification  at  nearly  the  samc  temperature.  Conse-

quent]y  the  su]phides  must  have alrnost  the  sarne

structurc  and  shape  in these  steels  which  have the

sarne  value  of  CM{i7ks)ICi-kM')tCs. Moreover  according

to Eq,  (4), the  smaller  the  value  of  CMCirks)!(i-kM)/Cs

is, the  higher the sulphur  concentration  in liquid Ck
at  constant  Ck becomes. That  is, FeS oflow  melting

point is easily  formed  in a  stcel  which  has  a  small

value  of  CMCi"ks)/CiJle.-t)!Cs.

  Furthcr the temperature  at  which  the  solidification

is finished, namely  the  true  solidus  temperature  largely

varies  depending on  the  value  of  (;!t(i-ks)t(i-ltsc)ICs,

because the  eutectic  tcmperature  of  e3'E  ranges  between

15100C  and  about  988eC  as alreadv  mentioned.                                  '

Meanwhile, the  change  in liquidus  temperature  due to

the  variation  of  the  composition  was  small  among  the

commercial  steels  according  to the  results  of  thermal

analysis,  Therefore the solidification  crack  suscep-

tibility, 

clusions

  The  change  in the  Iiquid composition  during the

non-equilibrium  weld  solidification  of  Fe-S-Mn  alloy

steel  was  theoretically  investigated, Furthcr,  a  ncw

parameter replacing  the conventional  Mn!S  was

theoretically  deduced. Main  cenclusions  obtained

are  as  fo11ows :

(I) Under  thc  conditions  that  the  solute  concentration

in the  remaining  liquid among  the  growing cclls  er

cellular  dendrites is uniform  and  that  the  solute

diffusion in the  solid  is negligible,  the  sulphur  cen-

centration  Ck and  the  rnanganese  concentration  Ci in

thc  remaining  Iiquid change  on  Fe-S-Mn  phase  dia-

gram  along  the  
`Cchanging

 curvc  in liquid composi-

tion"  which  isgiven by:

cg--
    C.Cs(1-ks)ltlJkM)

  cl-ksYcl-kff)

c.1

where  Cs and  C.: sulphur  and  manganese  contents

                 in steel  respectively,

      ksandkM  : distributien coeMcients  of  sul-

                 phur  and  manganese.

When  6 phase  solidifies,  the  above  equation  becomes:

CS-(C.iC.3)cft3

When  r phase solidifies,  the  above  equation  becomes:

Cg=T-(C,ICI,,5)C.:P

(2) By  analyzing  the  relation  between the  
"changing

curve  in liquid composition"  and  Fc-S-Mn  phase
diagram, it is considered  that  the  structure  and  the

shape  of  sulphides  and  the solidification  crack  suscep-

tibility depend  on  a  new  parameter CMCi-ks)ICi-kM)/'Cs,
When  6 phase solidifics, this parameter  becomes
CM3!Cs  or  Mn31S  in the  conventienal  expression.  On  the

other  hand, when  
'r

 phase solidifies,  this  parameter
becomcs Cif5/Cs5 or  Mn5/S,

(3) The  uniform  solute  concentration  in the  remaining

C87)
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  {19G) Transactions

 liquid and  the negligible  solute  diflUsion in the  solid

  during  the  weld  solidification  are  approximately

 estimated  for the  various  wclding  conditions.

 AppendixI  OntheSoluteDistributioninRemaining

 Liquid

   Eq.  (l) above  mentioned  is valid  under  the  con-

 ditions that  thc  solute  conccntration  in the  remaining

 liquid is uniform  and  that  the  solutc  diflitsion in the

 solid  is negligible.  Therefore  the  applicability  of  the

 cenditions  to the  wcld  solidification  must  be examined.

   Thc  reason  why  the  solute  concentration  in the                 '
 remaining  liquid does not  become  uniform  during the

 non-equi]ibrium  solidification  is that  both sulphur

 and  manganese  are  ejected from  the  solid-liquid

 interface into the liquid. NVhen the  ejected solute

 cannet  diflUse enough  into the  liquid, a  diflUsion layer

 is formed at  the  vicinity  of  the  interface as shown  by
 the  broken  line in Fig. 5. NN'hen the  e.jected  solute

 can  diflUse cnough  over  the  liquid, however, the

 /solute  concentration  in the  liquid becomes uniform  as

 shown  by the  solid  line in Fig. 5. The  condition  that

 the solute  concentration  can  be considered  uniform

 as  the  result  of  diflUsion is given  byi3'i4):

           z

           E 
           I 

           8 

           g           U

           "
           ]
           s

                     DISTANCE

   Fig. 5. ptalitative explanation  of  solutc  distribution ln
         liquid  during  solidification

                     Dl.t,iL2)}>I ...,..,,.,.･(7)

 where  DJ:  diflUsion coeflicient  ofsolute  in the  ]iquid

        L: one  halfofthe cell  size  (2L.) or  thc  dend-

            rite arrn  spacing  (2Lp or  2L.), (refer to

            Fig. 2),,

        t: ]ocal solidification  time.

 The  local solidification  time  t is given  by:

                     t=]TIRc  '''''-''''''(8)

 wherc  tiT: temperaturc  range  between liquidus and

            solidus,  that  is, solidification  temperature

            range,

       R.: coolingrate.

 dT  of  the  comrncrcial  steel  can  bc estimatcd  at

 50NlOOOC,  judging from some  reportsi5'iS),

   As  regards  L  in Eq.  (7), the  cell size (2L.) and  the

 primary  dendrite arrn  spacing  (2Lp) are  generally

 nearly  equal,  and  the  secondary  dendrite arm  spacing

 (2L.) is smaller  than  them.  Moreover  the  ceilular

 dendrite is morc  commonly  formed  than  the cell in

 the  weld  metal.  Therefbre it is cnough  to adopt  Lp

 as  L  for the  examination  of  Eq. (7). Fig. 6 shows  the

of  the

      o

      :
      :
      eA
      N3
      Zs
      g-
      i
      x

   Fig. 6.

 relation

 dendrite

 are

 shadowed

 tion17).

 Rc

   This

J.W.S. September  1or4

         
          Ql 1 10 TO0 3oo

                  COOLrNG  RATE.R[  Crctsec)

         Relation  bctween  cooling  rate  R. and  primar}'
         dendrite  arn]  spacing  2Lp

       between the  cnoling  rate  R.  and  the  primary
        arm  spacing  2Lp. The  experimental  pnints

    obtained  from  an  ingot solidificationi`),  and  the

         portion  is obtained  from  a  weld  solidifica-

       According  to Fig. 6, the  relation  between log

   and  log 2Lp can  be represented  by a  straight  Iine.

       relation  is approximately  given  by:

         2Lp==160R.rO･" (pt) 
･････-･･････(9)

             ===1.6 × 10'2R."O'"  (cm) ････････････(9')

Therefore

         Lp==8.0 × 1O'3Ri"'"  (cm) ･････-･･････(9")

By substituting  Eqs. (8) and  (9") fbr Eq. (7), 5 × 10-5
cm2/seciS)  fbr Dt, and  50evlOOOC fbr dT; the  let't side

of  Eq.  (7) bccomcs:

       D'･t/Lp2=(3,9-w7.8) × 10R.-O'i2-･･･J･-''･-'(10)

Eq.  (10) is illustrated in Fig.  7. According  to Fig. 7,

D".tlLp2, which  decreases gradually  with  the  cooling

rate,  is above  about  2e even  at  thc  cooling  rate  of

1000=C,isec which  is a  considerably  large cooling  rate

in the  weld  solidification,  From  this result  it is con-

sidered  that  the  relation  of  Eq. (7) is almost  valid  fbr
various  welding  conditions.

"s)Ji

            1 lo loe looo
                     COOLINO  RATE,Re  (℃ tsec)

        Fig. 7, Rclation  between  cooling  rate  R.  and  Dtt!Lp'

    Appendix  II On  the  Solute DiflUsion in Solid

      The  condition  that  the  solute  difiUsion in the  solid  is

    negligible  during the  solidification  is given by'gt':

                    kDSt,iL2<I ･･･-･-･･-･(11)

    where  k: distributioncoeMcient,
         DS:  diffusion coefficient  ofsoiute  in the  solid.

   The  diffusion coefficients  of  sulphur  and  manganese

(88)
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at  I400.Jl500eC  are  shown  in Table  1. These  diffiision
coeMcients  are  extrapolated  from the  experimental

results2e)  in r  phase, because those  in 6 phas

kii.110II;LOI.(,?,n)--5･5xlO'2crn2,"scc, 
:

  For  the  examination  of  Eq. (11) it is enough  to  adopt

L.  as  L  which  has the  smallest  value  among  L., Lp  and

L. as  already  mentioned.  Fig. 8 shows  the  relation

between the  coeling  rate  R.  and  the  secondary  dendrite
arm  spaeing2L..  The  experimental  points are  obtained

from the  ingot solidificationi"),  and  thc  shadowed

portion  is obtained  from  the  weld  solidificationi7).

According  to Fig. 8 the  relation  between ].og R. and

log 2L. can  be represented  by a  straight  line, and  this

is approxirnately  given by:

2:eHJ

!'E7.
:-

     

              CooLING  RATE,  k  (rctgec)

Fig.8.  Relation between coeling  rate  R.  and  sttcondary

      dendritff arm  gpacing  2L.

Therefore

2L.=70R.-O'`G (pt) i･-･･･-i････(12)

   =7.oxlo-3RiOAS  (cm) ･･-･････････(l2')

L.=3.5  x  lO"3R.mO'`6 (crn) ･･･････-･･-･(l2")

  By way  of  example  the  case  where  6 phasc solidifies
'ls

 shown.  By  substituting  Eqs.  (8) and  (l2") for Eq.

(11), and  O,1 for thc  distribution ceeMcicnt  of  sulphur,

e.7 for that  of  manganese,  and  the  value  in Table  1

fbr DS, the  left side  ofEq.  (1l) bccomcs:

kDStiL.2=(1,9tv7.1) × 10lliR.rrO･OS

      for sulphur  ･･････-･-･･･(13)

    kDSt/L.2=(O.26,-w1.4) x  lo-2R."O･Oa

           for manganese  ･････････i･-(l4)

Eqs. (13) and  (I4) are  illustrated in Fig. 9. According
to Fig. 9 the  solute  diflUsion in the  solid  is considered
to be approximately  negligible  in various  welding

conditions.  Especially fbr sulphur,  the  solutc  diflUsion
in the  solid  is further negligible  in the  case  where  r

phase  solidifies,  because the distribution coeMcient

becomes approximately  zero  as  already  mentioned.
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