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                                   Abstract

   It is zvell  knobvn that manganese  is an  cZfectic'e eiement  to Prez,ent the ieveldsotidijfcation  crack  in steet.  A'everthetess not
en4y  the manganese  content reeuiredfor  a given suiphur  content  but also the detailed metallargicat  meaning  on  the oflect ofman-
ganese have net  been weit  understeod  sofor.  in titis raport  theseProbtems  are  theeretical(y discussed, b.1, cembining  Fle-(th,
Fle)S

 
eutectic

 
temperature

 in Fle-S-itlit Phase diagram and  the 
`fchanging

 curve  in liguid compojition"  derived already  ly the

authors.  ..ts the result,  it is theoreticat4y derived that a steel  whose  ,Vn3/S  i,s larger than  6.7 has a  sKe7cienlly  lew crack  sus-

copiibitily.
 nen, this relation  is esperimentatijb  conjirmedfor  low carbon  steeLs  (CgO.120/'.) using  the nans--irestraint

test,

1. Introduction

  Manganese  is generally added  to steel  to prevent  the

detrimental eflect  of  sulphur  on  the  weld  solidification

crack.  This  is considered  to be due to the  formation
of  MnS  of  high  melting  temperaturc,  Neverthcless
the  general re]ation  between the  manganese  and

sulphur  contents  necessary  to suMciently  lower  the

solidification  crack  susceptibility  and  its metallurgical

meaning  are  hardly revealed,  since  the  studies  have
been  mainly  carried  out  only  on  the  practical use  so  far.
  On  the  other  hand  the  authors  in Report 2i) theoreti-
cally  derived the  

`:changing

 curve  in liquid com-

position" which  gives thc  change  in the  composition  of

the  remaining  liquid during  non-equilibrium  solidi-

fication of  Fe-S-Mn  alloy  stecl,  and  predicted that  thc

shape  and  the  structure  of  sulphides  and  the  solidi-

fication crack  susceptibility  can  be classified  by a  new

parameter Mn3iS in the  case  where  6 phase solidifies.

This prcdiction was  experimentally  confirmed  in
Report 32' using  the  weld  rnetals  of  Fe-S-pt{n allov                                             '
steels.  Further, by combining  the  

C`changing

 curvc

in liquid composition"  and  Fe-S-Mn  phase  diagram,
the  fbrmation  limit ol' FeS  during  the non-equilibrium

solidification  was  prcdicted, and  this was  also  expcri-

mentally  confirmcd2/.      '

  In this  report  on  the  basis of  thesc  results,  b>, further
developing the  combination  of  the  

"changing

 curve  in
liquid cemposition"  and  Fe-S-Mn  phase  diagram,  the

relation  betwccn the  manganese  and  sulphur  contents

neccssary  to minimize  the  solidification  crack  suscepti-

bility is theoretically  derived, and  experimentally  con-

firmed. For  thc  experimcntal  confirmation,  low  carbon

steels  are  used,  in x･x,hich  the  carbon  contents  are  not

mere  than  O,129,b' and  thus  the efllect  of  carbon  on
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the solidification  crack  can  be neglccted.  As  regards

the method  of  wcld  solidification  crack  test, the  Trans-
Varestraint test3) is used,

2. MaterialsUsedandExperimentalMethods

2-1. il{ttiterials Used

  Thc  materials  used  fbr the solidification  crack  test

were  preparcd by the  fbllowing procedurc. That  is,
a  U-groove (4 mm  depth × 1O mm  width)  was  cutt  off

from the  commcrcial  plain carbon  steel (JIS SS41 or

SM41,  350 mm  lengthx150  mm  widthx9  mm

thickness)  as  shown  in Fig. 1. This groove  was  fi1]ed
with  various  amounts  of  powder of  ferrornanganese
and  ferrosulphur together  with  purc  iron powder. A
single  pass of  submerged-arc  welding  was  laid on

thc  fi11ed groove  with  the  welding  current  500A  (AC),
arc  voltage  30V  and  welding  speed  200 mm/min.  The
flux and  the  wire  used  were  Grade-80  and  US-(L3
(4.8 mm  diam.) respectively.  The  chemical  com-
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             Cb]SIDE VIEW

Fig. 1. Dimcnsiens ofthe  specimen  foraddition of
      manganese  and  sulphur  using  submcrged-

      arc  wclding
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Table 1. Chcrnica] compositions  ofmaterials  used  foraddition

       of  manganese  and  sulphur  using  submerged-arc

       welding

MATERIAL

   SS  41

   SM41

WIRE(US.43)

COMPOSITION  (wt.%>

CO.22O.16O.02Si l Mn
   1･

P

O.Oltr,O.Ol
    1 

....
0,52 O.Oll

O.87 O.O08

O,37 O.O14'

 sO.O16O.023O.O15

Table  2. Chemical  compositions  ofweld  metals  obtained

MATERIAL

  SW.1

  SWJ2

  SW-3
  SW.4

  S",-5

  SW-6

  SSSJ-7

  SNSJ.8

  SW.9

  SIV-10

  SNN,-11

  SSIL12

  S"i.13

  s"r-1+

  S"J-15

  SW-16

  SSNT-17

  Sl･V-18

1/]l;

COMPOSITION  (wt.%)

Mn P  se.o2eO.O17e.olBO.O19O.034O.035O.038O.OS8O.042O.045O.M5O.045O.047O.052O.057e.e7oQ.074O.081CO.12O.11O.08O.10O.05O.10O.06O.08O.12O.12O.11O,07O.05O.03e.o6O.05O.08O.04si

'i'11

11

O.19O.16O.12O,05O.16O.18O.l8O.22O.S5O.23O.26

O.18O,16

O.l2

e,61O,91O,49O.32e,611.08o.6rO,682.75l.411,90O.56e.53O,59O.63o,srO.53O.48ij,O,O18O,O19O.O17O.O16O.O14O.020O.O!3O.O18O.022O.O19O,020

O.Dl4O.O13

O.O15

ltl

1//

/

positions of  the  base metal  and  the  wire  are  shown  in

Table  1.

  Then,  after  the  stress  relieving  treatment  at  6500C,
1 hr, the  reintbrcement  of  the submerged-arc  weid

bcad was  machined  smooth  to the  surface.  The

chemical  compositions  of  18 different weld  mctals

ol)tained  are  shown  in Table  2. The  carbon  content

was  restricted  to not  morc  than  O.129/., since  it is

considered`)  that the detrimental eflect  of  carbon  on

the  solidification  crack  can  be neglected  if the  content

is less than  O.139,i.. It is also  considered`)  that  the

detrimental  efllect  of  phospherus  can  be neglected  if

the  carbon  content  is less than  O.I39{,. As  regards

this.  the  authors  also  confirmed  in a  Trans-Varestraint
test that  the  effect of  phosphorus is far small  in com-

parison with  that  of  sulphur  in the  case  of  the  carbon

content  not  more  than  O.129,/.:). Therefore  these  weld

metals  can  be  approximately  regarded  as  Fe-S-Mn
alloy  steels  from the  viewpoint  of  the  cflbcts  ofsulphur

and  manganese  on  the  solidification  crack.  Besides,

in regard  to thc cflbct  of  oxygen,  refer  to Appendix  I,

2-2. 7Vans-l"krestraint 71est

  The  specimen  prepared as  above  mentioned  was

then  set  in the  Trans-Varestraint apparatus  as  shown

in Phote.  1 so  that  the  TIG-arc  bead-on-plate  wcld

   Photo. 1. Close-up view  ofTrans-Varestraint  apparatus

in the  test might  be entirely  confirmed  to within  the

submerged-arc  weld  metal.  In regard  to the  principle
and  the  detail of  the  practical use  of  the  Trans-
Varestraint test, rcfer  to reference  3. The  TIG-arc
bead-on-plate welding  in the  test was  carried  out  with

the  conditions  of  welding  current  250 A(DCSP),  arc

voltage  17rtw20 V  and  welding  spced  150 mmimin.

  There  are  some  indices to evaluate  the  solidification

crack  susceptibility  in thc  Trans-Varestraint  test3).

These  are  the  cracking  threshold,  the  maximum

crack  length, the  number  of  cracks,  the  total crack

length and  the  critical  strain  rate  for temperature

drop3/. In this report  the maximum  crack  length was

adopted  from  among  them,  which  is the  length of  the

maximum  crack  generally formed at  the  we]d  center

as  shown  in Photo. 2. The  reason  is that  the  maximum

crack  length can  bc correlated  to the  solidification

brittleness temperaturc  range  (BTR)3) which  is the

most  important  factor and  that  thc  BTR  can  be
obtained  from only  one  specimen  as  mentioned  below:

Photo, 2. General  appearance  of  thesolidificaLion

       cracks  in Trans-Varestraint  test

(19)
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That  is, the  BTR  is measured  frorn a  saturated  value

of  the  curve  which  shows  the  maximum  crack  length
vs.  augmented  strain  in the  Trans-Varestraint test3),

and  the  maximum  crack  length reaches  the  saturated

vaLue  at  generally about  I%  augrnented  strain3>,

Therefore  the  BTR  can  be obtained  from the  maximum

crack  length  of  only  one  specimen  tested  at 19fo aug-

mented  strain.  For these  reasons  the  solidification  crack

susceptibility  is evaluated  in terms  of  the  maximum

crack  length at 1 9,6 augmented  strain.

2-3. Thermal Analysis

  Fer  Fc-S-Mn  alloy  steel  the  eutectic  temperature

of  Fe-(Mn,Fe)S  was  measured  by thermal  analysis

method  in order  to studv  the  relation  betwecn it and                     '
the solidification  crack  susceptibility.  Table  3 shows

the chemical  compesitions  of  the  alloy  stecls, which

were  used  in Report  32), The  sample  was  melted  in an
electric  furnace of  argon  atmosphere,  and  the  cooling

curve  was  measured  with  a  PtlPt+13%Rh  thermo-
couple  (O,5mm diam,) and  a  selflbalancing  pen-
writing  recorder.

  Moreever,  for some  of  the  alloys  the  melting

phenomenon  of  the  eutectic  on  a  heating  cycle  was

directly observed  under  a  hot stage  microscepe  in
order  to measure  the  melting-start  temperature  of  the

eutectlc.

 Table  3. Chemical  composiiiens  ef  materials  used  ibr thermal

        analysis

                  COMPOSITION  {wt.%)
MATERIALI-

 c'  si VM. . p l S 
-

 O-
        ･=- - -

M- 4M-
 7M-

 9}{-1UNI-12M-14M-15

i O.O07I
 o.oioti

 O.O07

  O.O06

  O.O06

  O.O06

  O.oo6

1

O.07O.07O.07O.OIO.OlO.OlO.Ol

:

1.008.413,80O.391.16O,53e.64O.O08O.O08O.OOBO.O08O.O08O.O08O.O08O.072O.14O.24O.28O.31O.38O.421

:lt

i

O.O12O.O03e.oo3O.OIOO.021O.OIOo.e13

'

3. PredictionastoRelationbetweenManganese

   and  Sulphur  Contents  Necessary  to  Minimize

   Solidification  Crack  Susceptibility

  The  solidification  crack  is always  formed at  the

primary  grain boundary  (including the  cell  or  the

cellular  dendrite boundary) as  shown  in Photo.  3.
Therefore  the  eutectic  temperature  of  Fe-(Mn,Fe)S
formed  in the  primary grain boundary  sheuld  be
investigated in order  to clarify  the  eflects of  sulphur

and  manganesc  on  the  solidification  crack.

  Figs.2(a)  and  (b) show  Fe-S-Mn  phase diagram5'
and  its qualitative diagram.  In Fig. 2(b) the curve

e,'E,  which  is Fe-(Mn,Fe)S binary  eutectic  curve,  and

the  point R, which  shows  the  maximum  temperature

(1510eC) on  the  euteetic  curve  e,'E,  are  important  in
order  to deal with  the  solidification  process of  the

Fe-S-Mn  alloy  steels.  For  example,  the  composition

of  the  remaining  liquid of  the  alloy  A, or  A.  in Fig.

Pheto. 3. An  example  ofthe  relation  betwecn cracking
        location and  solidification  structure

(a) actual  diagram

FeS  e{ e' MnS

Fe

   (b) qualitative diagram
Fig. 2. Fe-S-Mn  phase  diagram

Mth

2(b) during  the  solidification  changes  along  the  curve

with  an  arrow  drawn  from the  point A, or A,. When
this curve  reaches  the  eutectic  curve  at  the  point bi
or  b,, (Mn,Fe)S starts  to solidi6r,  Then, the  remaining

liquid composition  of  alloy  A,, whose  curve  has reached
the  point b, at  the  Ieft side  of  thc  point R,  moves  toward
the  point E. On  the  contrary,  the  remaining  liquid

composition  of  the  alloy  A, moves  toward  the  point e,'.

In regard  to the  dctail of  the  solidification  process,
rcfer  to Report 2').

  The  temperature  15100C  of  the  point R  is slightly

lower than  the  melting  temperature  of  pure iren
(1534eC). Therefore an  alloy  steel  whese  remaining

liquid composition  reaches  the  vicinity  of  the  point
R  may  have very  low  crack  susceptibility,  because the
solidification  temperature  range  is very  narrow.  Thus,

(20)
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      Fig. 3. An  example  ofceoling  curve  ofFe-S-Mn

            alloy  steel,  sample:  "{-15

in the  fo11owing, this consideration  is investigated in
detail using  the  Fe-S-Mn  phase diagram  and  the

results  of  the  thermal  analysis,  and  then  the  relation

between the  manganese  and  sulphur  contents  necessary

to rninimize  the solidification  crack  susccptibility  is
theoretically derived.

  Fig. 3 shows,  as  an  example,  the  cooling  curvc  of

alloy  M-15  (O.64% Mn,  O.42",,i S) in Table 3. In

this curve  there  are  three  crooked  points at  1525eC,

I450SC and  l3700C. Among  them  the  crooked  point
at  15250C corresponds  to the  liquidus temperature.

The  crooked  point at  13700C is considcred  to be  A,

transformation  temperature,  judging from the  little
eflbct  of  sulphur  on  the  transformatlon  temperature,  a

little content  of  manganese  and  a  slightly  supercooled

phenomenon  on  the  cooiing  cycle.  Therefore the

crooked  point Es  at  14500C  is considercd  to be  the

temperature  at  which  the  remaining  liquid reaches

the eutectic  curve,  Table  4 shows  the  Es  point ofeach

al]oy  steel  obtainecl  in the  similar  way.

  Tablc 4. Temperature  Es  at  which  Fe-<Mn,  Fe)S  cutcctic

          starts  to solidify

       MATERIAL  I Es  (eC)

          M-  4 1500

          M.  7 1490

          M.9  1500

          M-10  1420

          ptf-12 l 1480

          M-14  1430

          M-I5  1450

  On  the  other  hand, the  composition  of  the  remaining

liquid during the  non-equilibrium  solidification  of

Fe-S-Mn  alloy  steel  changes  along  the  
C`changing

curve  in liquid composition"  on  the  Fe-S-Mn  phase
diagram, until  the  composition  reaches  the  eutectic

curve  e3JEi).  The  
"changing

 curve  in liquid com-

position" in the  case  where  6 phase  so]idifies  is given
byi):

     cg-(cglq,,3)cs,3 ･･･-･･･-･･････-･･･-･-.,･ (l)
where  Cg and  Cfa: concentratiens  of  sulphur  and

                 manganese  in the  remaining

                 liquid respectively,

     Cs and  Cai: sulphur  and  manganese  contents

                 of  the alloy.

es Fe-(NhFe)SBINARYEUTECTICCURVE-enx/F

la!o'c
z8

14so℃
"ase ℃

ffw
cCURVEI(cstl,2cn)

F 14eo.c
=91 CISIcrC)cuRvEl(cste]scR)

}x' lseo[ 1490.C
t 15oo.C

i(fepT2345e9IO11T2

WEIGHTPERCENTMn'CM

    Fig. 4. Illustration oi' the  eutectic  temperature  Es  in

          Table  4 on  Fe-S-Mn  phase  diagram

  Fig. 4 shows  the  eutectic  temperature  Es  in Tabie 4
on  the  Fe-S-Mn  phase diagrarn, using  Eq. (1). The

point R  in Fig. 4 is the maximum  temperature  point
(1510CC) on  the  eutectic  curve,  and  is well  consistent

with  the  distribution of  the  eutectic  tempcrature.  It
is further observed  that  the  eutectic  temperature  is

lowered en  both sides  of  the  point R  and  that  the  lewer-

ing rate  is larger on  the  left side  than  on  the  right  side.

In  this cennection,  FeS  together  with  ()v{n,Fe)S was

formed in the  weld  metals  of  the  alloys  M-IO, 14 and
15 as  already  rnentioned  in Report  32), and  these
"changing

 curves  in liquid composition''  lie in the

left region  of  CURVE  I in Fig. 4. This means  that

the  eutectics  of  these  alloys  do not  finish the  solidi-

fication until  about  9880C which  is Fe-(Mn,Fe)-FeS
ternary eutectic  point, though  these  start  to solidify

from  I420ev14500C  as  seen  in Table  4 or  Fig. 4.

  Moreovcr,  although  FeS was  not  formed in the weld

metal  of  M-12  as  already  mentioned  in Report 32)
whose  

[`changing

 curve  in liquid composition"  reaches

the  eutectic  curve  at  semewhat  left side  of  the  point
R,  the  eutectic  started  to  melt  at  11000C according

to the  direct observation  under  the  hot stage  microscepe.

Photes.  4(a) and  (b) show  the  microstructures  at

pre-heating and  at  11OOeC  respectively.

  On  the  other  hand, the eutectic  ofalloy  M-9  started

to melt  at  14800C,  whose  
"changing

 curve  in liquid

composition"  reaches  the  eutectic  curve  at  15000C

at  the  right  side  of  the  point R.  ,

  These facts suggest  that  the  solidification  crack

susceptibility  considerably  diflers accerding  to whether

the  
C`changing

 curve  in liquid composition"  reaches  the

left side  ofthe  point R  or  the  right  side.  That  is to say,

an  alloy  steel,  for cxamplc  the  alloy  A, in Fig. 2(b),
whose  

`tchanging

 curve  in liquid composition"  reaches

the left side  may  have  a  high  crack  susceptibility  because
of  the  wide  solidification  temperature  range.  On
the  contrary  an  alloy  steel,  fbr example  the  alloy  A,
in Fig, 2(b), whose  

"changing
 curve  in liquid com-

position" reaches  the  right  side  may  have  a  very  low

susceptibility  because of  the  narrow  so]idification  tem-

perature range  (about Iess than  50"C),

  In order  that the 
`Cchanging

 curve  in liquid com-

position" represented  by Eq. (1) rnay  reach  the  critical

boundary point R, the  sulphur  content  Cs must  have

the  next  relation  with  the  manganese  content  Cnd
firorn Eq. (1):
                Cls -O,15Cth3  --･-･---･-  (2)

(21)
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4 Dircct  observation  ot  eutectic  melung  en  heatmg

   c}clt  undLr  hotstage microscope,  samp]e  M  12

Thcrefore, it is considered  that  the  solidificat]on  crack

susceptibility  is  su{hciently  low for an  alloy  steel  which

satisfies  the  next  relation

                 C, <O  15C.3 (3>
Using  the  parameter Mn3""Si , Eq  (3) can  bc re-

presentecl as  fo11ows

                 Mn3tS>67  (4)

  Although the  lo"er 1imit of  the manganese  content

is given by Eq  (3y or  (4), the upper  hmit  mugt  exi$t

According to the  results  in  Table  4 or  Fig  4 however,

the  drop  of  the  eutectic  temperature  at  the  nght  side

is small  even  in  the  aLlov  ]L{-7 containmg  about  80.
manganese  Thercforc  there  may  be  no  neccssity  for

paying  attention  to [hc  uppcr  ]imit in  the  commcrcial

Iow carbon  stcel  from  thc  view  point of  the  solidification

crack

4. Experirnental  Confirmation  ofthe  Prediction

  Fig. 5 sho"g  the  results  of  the  Trans-Varestraint
test on  the  materials  in  Table 2 The  abscissa  and  thc

ordinate  sho"  the manganese  and  sulphur  contents

Fig

 e2 e4 06  ae tO 12 14 16 IS 2D 26 2S
        WEISHT  PER CENT Nn  C-

5 Relatien  among  mangancsc,  sulphur  contents  and

   rnaximum  crack  Icngth On mrn)  obtanned  from
   Trans  Xrarestraint test

respectively,  and  the  figurc marking  each  experimental

point represents  the  maximum  crack  length (in mm)

at  1%  augmented  stram  Further, the  CURVE  I

shows  the  formation hmit of  FeS m  the  non-equilibmum

solidification  as  mentioned  in  Rcport  32), and  the

CURVE  II shoMs  Eq  (2) swhich  gives the  cmt]cal

boundarlr for the  sohdification  crack  susceptibility

  According to the  results,  the  max]mum  crack  length
has a  small  value  (about O 5 mm)  in  the  right  region

of  the CURVE  II, and  on  the  contrary  that  in  the

left region  has a  large value  (about 6A-9 mm)  Ex-
ampies  of  the  appcarance  of  sohclification  crack  in

each  region  are  shown  in  Photos.  5 and  6 respectively

Therefore Eq  (2) well  agrecs  with  the  experimental

results  Moreover  the  maximum  crack  length of

Photo JAn  example  ol crack  appearancc  in  the  mght

region  of  CURN  E II, material  S"  6

(22)
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?hoto.6.An  example  of  crack  appearance  in thc  left region

of  CURVE  II, matcrial:  SW-15

about  O.5 mm  corresponds  to the  BTR  of  about  30rv
40"C,  and  this BTR  value  also  well  agrees  with  the

solidification  temperature  range  cstimatcd  from the

eutectlc  temperature.

  It was  also  verified  that  (Mn,Fe)S only  is formcd  in

thc  region  between the  CURVE  I and  II, by identifying
the  sulphides  isolated electrolytically  from the  weld

metals  by  X-ray  difiiraction tcchnique  (refer to Report
l6) as  regards  the  procedure).  Therefore  it is a  neccssary

but not  sufficient  condition  to  lower  the  crack  sus-

ceptibility  that (Mn,Fe)S only  be formed,
  In order  to further confirm  the CURVE  II, the
results of  the  weld  solidification  crack  susceptibility

for carbon  steels  byJenes7] was,  then,  investigated fi/om
the  authors'  vicwpoint.  Fig. 6 shows  the  results  by
Jones, which  were  obtained  by Murex  type  test.
The  abscissa  and  the  ordinate  represent  the  carbon

Fig, 6.

gkcr
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the  changes  in sulphide  structure  and  solidifica-

tion  cra[k  susceptibility

4

contcnt  and  MniS  ratio,  and  the figure marking  each

experimental  point represents  the  crack  ]ength in

inches, The  crack  length  of2,5  inches means  that  the

crack  is formed over  the  whole  length of  weld  bead.

Thesc  results  mean  that  the  eflect  of  carbon  can  be
ncglected  in the  case  of  the  carbon  content  not  more

than  O. 13%,  though  carbon  has otherwise  a  detrimental

efltrct,  Thus  the  results  for not  more  than  O,139/h' were

rearranged  in the  same  way  as  in Fig. 5. This is shown
in Fig. 7. The  crack  Iength in Fig, 7 is also  large in the

left region  of  the CURVE  II, and  in the  right  region

the  crack  is not  formed at  all  with  only  onc  exception.

  Thus, according  to the  results  obtained  in this report
and  Report  32), the  mutual  eflect  of  sulphur  and

mangancse  contents  on  thc  sulphides  and  on  the

solidification  crack  susceptibility  can  be classified into
REGION  A, B or  C as  shown  in Fig. &  In  REGION

A  (}･In3fS<O.83) FeS is formed together with  (rvIn,Fe)
S, and  therefore  the  solidification  crack  susceptibility

is extremely  high. In REGION  B (O.83<Mnn/S<6.7)
(Mn,Fc)S only  is generally formed, but the  crack

susceptibility  is still high, since  the  eutectic  temperature
is low. In  REGION  C  (Mn31S>6.7) the  eutectic

temperature  of  (Mn,Fe)S is high, and  therefore  the

crack  susceptibility  is sufficicntly  low.

a8e,ut-FQ04z8fiD.or!O.02gwlo,oiCURVE  I ,

CCs-1.2C.l) //
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    tS 

1'S

"cuRvE  n{Cs-a15e.b
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O O,1 a2 O,3 O,a e.5 O.6 O.7 OS O,9 1 1.1 1.2

         vVEtGHT  PERCENT  Mn,  CM

Fig. 7. Another represcntation  ofFig.  6 (CKO.13%)

5. Conclusions

  The  relation  between the  manganese  and  sulphur

contents  necessary  to minirnize  the  weld  solidification

crack  susceptibility  was  theoretica]ly derivcd, and  ex-

peri mentally  confirmed  for low  carbon  stecl  (less than

O.120fa carbon)  which  could  be approximated  by
Fe-S-Mn  alloy  steel.  Main  conclusions  ebtaincd  are

as  fo11ows:
(1) The  solidification  crack  susceptibility  can  be
Iowered  for a  steel  in which  the  remaining  liquid
composition  changing  during the  weld  solidification

reachcs  the location of  high  eutectic  temperature  on

Fe-S-Mn  phase diagram.  That  is, the  selidification

crack  susceptibility  is sufliciently  low in a  steel  whose

manganesc  and  sulphur  contents  satisfy  thc  next

relation:

                 Mn:fS<6.7

(23)
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This  relation  was  expcrimentally  confirmed  by the

Trans-Varestraint  test  and  the  Murex  test,

(2) The  mutual  eflect  of  manganese  and  sulphur

contents  on  the  sulphidcs  and  on  the  solidification

crack  susceptibility  in thc  Iow carbon  steel  can  be
classified  into REGION  A, B  or  C  on  Fe-S-Mn  phase
diagram,  In REGION  A  (Mn3IS<O.83) FeS is formed
together  with  ()LIn,Fe)S, and  therefore  the  solidification

crack  susceptibility  is extremely  high. In REGION  B

(O.83<Mn3/S<6.7) (Mn,Fe)S only  is generally formed,
but the  crack  susceptibility  is still high, since  the
eutectic  temperature  is low. In  REGION  C  (Mn3/
S>6.7) the  eutectic  temperature  of  (Mn,Fe)S is high,
and  therefbre  the  crack  susceptibility  is suMciently  low,
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Appendix  I Efllect ol'Oxygen  on  Solidification Crack

  It is usually  considcrcd8-'i}  that  oxygen  lewers thc

weld  solidification  crack  susceptibility,  because  the

increase in the  oxygen  content  makes  the  shape  of

sulphide  globular in the  same  way  as  the  effi:ct  observed

in thc steel  ingotsi?-ig). In  these  rcportsS"iL)  con-

cerning  the  effect  of  oxygcn  on  the  solidification  crack,

however,  the  manganese  and  the sulphur  contents  lie
in REGION  A,  B  or  near  CURVE  II in Fig. 8.

  The  authors  also  investigated the  efllect  of  oxygen

using  Fe-S-O  ternary  alloy  steels,  and  the  sarne

result  was  obtained20/.

  From  these  facts, it is understood  that  the  crack

susceptibility  can  bc Iowcred  to some  extent  by an

increase in the  oxygen  content  fbr a  steel whose  corn-

pesition lies in REGION  A  or  B. The  increase in the

oxygen  content,  however, may  not  bc desirable,
censidering  the  detrimental eflect  of  oxygen  on  the

toughness  of  steel,  Therefore  it is advisable  that

manganese  be addcd  to REGION  C  instead of  the

incrcase in the  oxygen  content,
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   Pheto. 7. Filmlike sulphides  in weld  metal  ofSW-15

  In this report  the  oxygen  content  was  about  O,03r-v
O.04%  in the  steels  tested  with  Trans-Varestraint test,

because the  materials  were  submerged-arc  weld  metals,

Photo. 7 shows,  as  an  example,  the  microstructure  of

the  tested  weld  metal  of  SW-15  in Table  2, which  lies
in REGION  B, and  a  filmlike sulphide  ((Mn,Fe)S)
is observed,  Thcrefbre  it is considered  that  the  oxygen

content  hardly affects  the  results  in this report.

Appendix  II Evaluatien  of  Solidification Crack

Susceptibility

  The  solid  curve  in Fig. 9 qualitatively shows  the

ductility of  a  material  during  the  weld  solidification.

This curve  can  be obtained  with  the  Trans-Varestraint
test:). The  temperature  range  surrounded  by the

ductility curve  is the  brittleness temperature  range

(BTR), which  was  the  index  used  to evaluate  the

crack  susceptibility  in this report.  Considering,

however, that  the  increase in the  actual  strain  applied

in the fabricating weldments  may  be approximated  by
the  broken  line a,  b or  c as shown  in Fig. 9, thc incli-
nation  of  the  tangential  broken line b to the  ductility
curve  should  be the  most  reasonable  index3), This
inclination is called  the  critical  strain  rate  for temper-
ature  drop (CST)3). Refer to reference  3 as  regards

the  detail.

  The  relation  between the  BTR  and  the  CST  was,

thcn, investigated, The  materials  used  are  some

to el -l<zem

 e2oz(o

 .es'F
 S4]p

 es8o

    
             TEMPERNrURE

Fig. 9. Schematic representation  ofductility  curve,selidi-

      fication brittleness temperature  range  (BTR> and

      straln  curve

10

ettrFm

  0
                                    txlO-4)
                 CST  (,iofiec)

Fig. 10. Relation  between  BTR  and  CST  in weld  mctal

       ofsteel
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items in Table 2 and  the  commercial  structural  steels

used  in reference  3 and  so  on,  Fig. 10 shows  the  result,

and  it is observed  that log BTR  is nearly  in a  linear

relation  with  log CST.  Therefore  it is considered  that

the  measurement  of  only  the  BTR  is suficient  to

evaluate  the  crack  susceptibility  in the steel.
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