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Fundamental  Stud
Arc  Weldment"

ies on  SlagAdherencetoSubmerged
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                                   Abstract
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1. Introductien

  
SIag

 
adherence

 is recognized  as  a  problcm  to  be
solved

 in submcrgcd  arc  welcling,  because the adher-     tt
cnce

 
impairs

 welding  workability,  painting  quality and
also  commercial  va]uc  of  the  weldment.  Thc  adher-
cncc

 
or

 removability  of  the  slag  has
fitom the  viewpoints  such  as  epitaxia?ZeollialfiVLI[iil･eganteadt

kli..?.e:ltagF41inCtal 
intcrfacei)-3)

 
and

 
their

 expansion  coefL

  In this investigation, slag  chips  adhering  near  the
bead cdge  were  treated,  because  it was  considcrd  that
they  can  anchor  the  crusty  slag  ovcr  the  bead  bv ad-
hering themselves  basicall>, to  thc  HAZ.  EfleEt of
oxide

 Iayers (scales) on  the  feature ofthe  slag  adher-
ence

 
was

 
examined

 using  plates with  polished, as-
rolled,  and  gas-cut surfaces.  Cross sectional  

micro-
structures  of  the  slag-metal  interfaces were  then  inves-
tiagted  using  EPMA,

Table1Chernical  compesitions  of  steel  plate and

e]ectrode  wirc  (%),

ic si Mn P s

PlateO.l2O.211.09O.OIBO.O03

WireO.12O.Ol1.97O.O12O.O07

Table2Chemica]  composition  of  fiux (af.).
'sio2y.nocaeNgOA120siTtSFeocaF2,

19.220.219.64.12.63.71.4B.o

Tab]e  3Chernieal  compositions  ofplate  surfaces  detected
by  X-ray  diff)action test.

Polished

As-rolled

Gascut

a-Feor-Fe,FeO,a-Fe203,Fe304.

or 
-Fe

 , cr Fe203  , Fe304

2. ExperimentalProcedure

thrSell`[Zii&k':SsM.iifa'.S:eg.'.Pdiil,S.S.g?5."k:';,AhiA'E.',h.a.Vg'Y.E

low-silicon type  electrode  ",ire (4,8mm dia.) and  a
W-e8:6:i3i9iL2,,fui:d.d

 1:PfhiglX.,grl-×

.:Ot9･
 sl :illhde ?LoAl'

ditions of  the  plates are:

   (i) Polished  (with scale  removed)"2.

  (ii) As-rolled (without removing  sca]e).

  (iii)       Gas-cut.

 *Received'20jline,'i9S6  
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*iBasicitv

   Mole  fraction ofeach  component5).

 
*Z

 Finished  by  grinding  machinc  with  DA-46J  abrasive  wheel.

    Components  underlined;  Strongly

    diffracted

The  chemical  compositions  of  the  steel  plates and
electrodc  wire  are  shown  in Table 1, and  thc  chemical

composition  of  the  flux is shown  in Table  2. Thc
results

 of  the X-ray diMaction  analyses  of  the plate
surf'aces  are  shown  in Table  3. Welding  was  per-
formed using  the  bcad-on-platc method,  under  the
conditions  of500A,  30V  (ac) and  30  cm,Imin.

  Prior to examining  the  external  appcarances  of  the

welds  with  fast stuck  slag  chips,  thc  slag  crusts  over

BL-'-6.31(Si02)+4.8(MnO}t6.05(CaO)+4.0(MgO)-O.2{Al,O,)-4.97(Ti02)+2.4(FeO)whcre,
 (Si02), <rvlnO)･･････:

(56)
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the  beads  were  rernoved  carefu1]y  and  non-stuck  slag-

chips  were  blown off  by compressed  air.  The  speci-

mens  for microscopy  were  cut  off  by machines  with

coeling  liquid supplied  after  the  slag  chips  were  covered

with  epoxy  resin.  The  specimens  were  then  embedded

into hard resin  for polishing after  the  epoxy  resin  was

dissolved away  by so}vent.

3. Resu!ts  and  Discussion

3.1 Location ofstag adherence

  Thc  external  appearances  ofthe  welds  are  presented
in Fig. 1. The  fo11owing became  clear.

(a) In the  case  of  the  as-rolled  plate a  comparatively

    remarkable  slag  adherence  is scen  near  the  bcad

    edge  extending  from the  weld  metal  to the  plate.

    But, a  substantial  slag  detachment can  be seen  on

    the beads  in other  cases, i.e. polished and  gas-cut

    plates.
(b) In  the  case  of  the  polished plate, thin  slag  specks

    are  able  to be scen  on  the  base  platc along  the

    bead edge  as  shown  in Fig. 2, but it is difficult

    to find such  specks  in the  case  ofthe  gas-cut platc.

  Rcgarding the  poor  adherence  to the  weld  metal,

thc  fo11owing possible causes  were  conceivab]e:  Some

gases such  as  CO,  H2, N2  and  so  on  prevcnt  thc  adher-

ence  of  the  slag  because  of  thcir  continuous  issuing

from the  weld  metal  during thc  solidification  and  cool-

Fig. 2Detailcd  appcarance  of  slag  adherence  on  thc  polished

plate.

X,f-･goey.

g

       ,
Groov=ng

NN  /t
 v

g
/

lst  Pass

Adhered
    slag

Fig.1  External  appcarancc'  of  slag  adhercnce  for each  platc

     surface  cond{t{on,

Fig. 3

-.-".-
   s 2nd  Pass

Experimental procedure to  ascertam  possibility of

slag  adherence  to  the  cold  weld  metal.

ing processes of  the  metal.  On  the  other  hand,  thc

diflbrence in the  thermal  expansion  coefficient  between

slag  and  metal  makes  them  slip.

  Among  thesc  hypotheseses, the  former was  ascer-

tained  by the  authors  by  rueans  of  the  fo11owing cx-

periments (sec Fig, 3).
 (i) A  90e V' groove  was  formed  on  the  as-rollcd

     plate.

 (ii> Mielding  was  done  on  this groove in such  
man-

                                          plate                                       thc     ncr  that the  bcad  face was  flush with

     surface,

     Welding  conditions:  550A,  35V  (ac), 47cmlrnin.

(iii) The  wcld  was  allowed  to cool  down  in thc  air

     to  the  room  temperature  for degassing, and  heat-

     ed  again  to 1500C ancl  kept  for 4g hours  at  this

     tcmperature,  then  allowed  to cool  deNvn  to  thc

     room  temperaturc  in the  air.

 (iv) Using the  bead fbrmed  in thc  lst pass as  the

     base  mctal,  the  2nd  pass was  done  under  the

     same  conditions  as  above,

  As  a  result,  adherence  also  occurred,  as  shown  in

Fig, 4, on  the  wcld  metal  which  was  used  
"as

 the  base

(57)
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Transactiens  ef  the  J.W.S.

                 A  : Base  plate

                 B  : 1$t  Pass

                 C  : 2nd  Pass

   Fig. 4  Appearance  ofs]ag  adhering  to  the  weld  metal  
``as

         the  base metal".

metal'J  and  cooled  down  once  in the  air,  a]ong  the
bead edge  of  the  2nd pass. This  can  be said  to be
evidcnce  supporting  the  above-rnentioned  hypothesis.

  Incidentally it was  considered  that  the  slag  adher-

ence  to the  base  metal  near  the  bead edge  is esscntial-
ly

 
located

 on  the  HAZ.  Such an  idea is supported

firom the following fact, i.e, the  width  of  the  adhering

zone  on  the  platc almost  corresponds  to the  width  of

the  HAZ,  because  the  portion  of  the  plate heatedhigher
may  be possibly favorable for adhering  of  the  slag.

For  cxample,  the  "･  idth of  the  HAZ,  extending  from the
bead  cdge  to  the  end  ofthe  HAZ,  was  estimated  to be
about  1.3mm  in the  case  shown  in Fig. 5 (this weld

was
 obtained  under  the  conditions  ef  500 A, 30 V  (ac)

and  30 cmlmin),

3,2 Observation ofslag-metal intenyfizces

  In order  to clarify  the  reasons  why  the  slag  is liable
to adhere  te  the  HAZ  and  why  the degree of  adher-
ence  varies  with  the  surface  conditions  of  the  base
metal,  the  authors  then  examined  the  cress  sectional  .microstructures

 of  the  slag-meta]  interfaces.

(1) Polished plate
  Electron  micrographs  of  the  boundarics between the

base metal  and  the  slag  adhering  to the HAZ  are

shown  in Fig. 6 (a) and  (b), where,  (a): 500 × ,
 (b):

5000 × . In  the  photographs,  any  s]ag-metal  engage-

ment  (or mcshing)  resulting  in probablc mechanical

bonding  is not  fbund.  And  neither  gap  nor  inter-

October  19S6

(a)
10o"tn

-

i M
                          10llm
        (b) .

   Fig. 6 Elcctron  micregraphs  showing  the  boundary  bet-

         ween  slag  and  base metal  taken  with  magnification

         of  (a) soo × , (b) sooo  × .

mediate  layer was  able  to be detcctcd  even  in the

observation  with  O.5ttm  resolutien  as  shown  in Fig.
6(b),

  An  experiment  on  the  glass-to-iron sealing  similar

to thc  slag-metal  bonding described in this work,  in-
dicates that  a  sealing  of  geod quality can  also  bc ob-

tained  when  the  sea]ing  has such  an  intermediate
layer as  not  to  be detected cven  in the  observatien

of3000 × magnification.6)  The  abovc-mentioned  re-

sults,  howcver,  cannot  provide a logical cvidence  of  an

ionic bond,  though  it rnight  be said  that  neithcr  the

intermediate layer nor  the  mechanical  bonding such

as  
C`cngagement"

 is al",ays  absolutely  requircd  in the

.i･ ,fi'l.", 
t'/.'r'li'1"'/',S',ii.,.tt,i'z.,IX'i',

 1 i i･S" /･:' .'/
 li ,'/'/ilL.
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slag-rneta1  bonding.

(2) As-rolledplate

  Fig. 7 shows  schematically  the  phenomena  occurr-

ing with  the  slag  at  the  bead edge.  Fig, 8 shows  X-
ray  images  near  the  slag  tip being  dissolved in the

slag  and  the  result  of  analysis  by  EPMA.  Fig. 9

shows  a  microstructure  of  the  bead edge.  Fig. 10

Fig. 7

100ptm

        aroplets

Schematic  illustration shewing  phenomcna  occurr-

ing under  thc slag  at  thc  bcad  edge  in as-rQlled  plate
welding

Fig. S

                       100llm
                     -

Elcctron  m{crograph  near  the  scale  t{p  being dissolved
in the  slag  and  result  of  analys]s  by  EPMA.

-

Fig.9  Groove observed  at  thc  ]o"'er cnd  ofthc  bcad  edge

      in  as-rollcd  platc welcling.

shows  a  detailed structure  of  the  slag-meta]  interface

undcr  higher magnification  and  the  result  of  an]aysis

by  EPMA.  The  fbllowing could  be inferred fl,om the

rcsults  of  Figs, 7NIO.

 (i) Thc  slag  and  the  base metal  make  direct contact

     partially in the  portion between the scale  end

     and  the  bead edge  (the slag  is conventionally

     considered  to lie on  thc  scale,  but  this is net

     proved by this experiment),

 (ii) The  scale  end  and  its lox-'er portion appcar  to

     dissolve into thc  slag  (slag penetration  to  thc

     underside  of  the  scale  can  be  confirmed  by  de-

     tection  of  Si; Fig. 8).

(iii) It appears  that  small  droplets fa11 down  over  the

     base  metal  like raindrops  frorn the  tip of  the

     scale  end  (these droplets contain  much  Fe  and

     less O, hence they  can  be  considered  metalhc

     iron).

(iv) A  number  of  very  small  projcctions are  formed

     on  the  surface  ef  the  base metal  (these tiny  pro-
     icctions are  also  of  metallic  iron, like thc  drop-

     iets mentioned  above).

 <v) The  shape  of  the  slag-metal  interface is con-

     siderab]y  uneven  (Fig, IO) compared  to  the

     scale-metal  interface which  is still  free of  slag

     penetratien shown  in Fig. 1].

 (vi) A  groove  is fbrmed at  the  lo}ver end  of  Lhe  bead

      edge,  and  tiny  pro.iections are  also  found inside

      ofit  (Fig. 9).

  These phenomena,  such  as  roughcning  of  the  metal

surface,  formation ofthe  tiny  projcctions and  formation

 ef  the  small  groove  at  the  bead edge,  suggest  that slag

 and  metal  are  bondcd  to each  other  mechanically.

   FolloM,ing observations  wcrc  made  about  the  changcs

 on  the  metal  surface:

 (a) In  the  moltcn  slag  which  is an  electrolytic  solu-

     tton,  the  anode  parts of  the  base meta1  are  dis-

     solved  with  formation ofpits  and  tiny  pro.iections

     arc  deposited  on  the  cathodc  side,  causing  uncven

     intcrface to  be formed; In the  glass-to-iron seal-

     ing6) and  enamelling7)r9}  tcchnolagies,  formation
     of  the  simi]ar  intcrfacc and  the  local cell  men-

(E9)
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Detailed

 structure  of  the  slag-meta]  inLerface and  result  of  analysis  by  EP)(A,

              tioned  above  have bcen reported.

           (b) PrQiections may  also  be fbrmed by deposition of

              mctallic  iron on  the  base metal  as  the  result  
of

              reduction  or  decomposition of  the  scale  contain-

              mg  wdstite  in thc  molten  slag,

          (c) A  srnall  groovc rnay  be fbrmed at  the  bead  edgc

              initially as  the  result  of  over-lapping  of  the  -veld

              metal  onto  the  scale  originally  existing  on  the

              platc. But  thc  groove  may  be  cnlarged  further

              because of  dissolving by thc  hot slag.

            By  the  way,  in other  technologies  mentioncd  above,

                                       the  prcheating of  the  basc rnetal  is desirablc to obtain

                     10"nl rxcellent 
adheFcnce

 
of

 the  glass to  the  metal.  And

                    Ik--l  m  thc  enamellmg  technology,  the  prcheating is consi-

                                       dered a  necessary  treatment  to  obtain  an  oxide  fi1rnScalc-metal ]nterface  frec ofslag  penetration.
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by which  iron ion is supplied  to the  interface, resulting

in formation of  an  ionic bond. Therefore, it seems

that  thc  scale  on  the  wclding  plate also  plays a  similar

role  te that played  by the  oxide  film.

(3) Gas-cut plate
  T'he gas-cut platc seldom  causes  slag  adherence  as

shown  in Fi.g 1, and  this  seems  to be attributablc  to a

peculiar structure  of  the  gas-cut surface.  On  the  gas-
cut  surfacc,  the  outermost  oxide  layer and  two  metallic

layers, each  of  which  can  be  regarded  as  a  part of  the

base metal,  are  observed  as  shown  in Fig. 12. These
metallic  layers as  the base of  the slag  adherence  can

bc dctached  from  the  base metal  so  easily.  Therefore,

it is considered  that  the  slag  to adherc  is hardly al-

lowed to rernain  on  the  plate surface,  even  though  the

formation mechanism  of  slag  adhcrence  is similar  to

that  of  the  as-rolled  plate. This greater detachabi]ity
of  thc  surface  ]ayers of  the  gas-cut p]atc can  also  be
recognized  in a  polishing work  of  the  microstructure

specimen,  as  reported  by Ohnishi ct  al.iO)

4. Conclusions

  As a  part ofthe  basic study  on  the  slag  adherence  in

submerged  arc  welding,  bead-on-plate welding  was

conducted  on  three  different surfaces  of  mild  steel

plates, that  is, polished, as-rolled,  and  gas-cut surfaces,

using  a  fuscd type  fiux, and  the location of  slag  adher-

ence  and  the  slag-metal  interface on  HAZ  were  ex-

amined.  The  results  obtained  can  be  summarized  as

follows:

(I) Crusty  slags  did not  adhere  essentially  to the  bead

    in any  steel  plate, but chiplike  ones  were  found

    on  the  portion near  the  bead  edge.  i.e. only  on

    the  base metal  (substantially on  the  HAZ)  or

    both sides  of  thc  cdge.  No  slag  adherence  was

    observed  even  to  the  HAZ  on  thc  gas-cut plate.

(2) 
'l'he

 adherence  varied  with  the  surface  conditions

    of  the  steel  plate: In the  polished  plate, slight

    adherence  occurred  on  HAZ  near  the  bead  edgc,

to Submerged  Arc  Weldment (163)

    and  in the  as-Tollcd  plate, marked  adherence  was

    formed near  the  bead  edge  extending  from the

    weld  rnctal  to the  base  metal.

(3) The  fbllowing diflerences were  noted  in the  s]ag-

    metal  interface between the  polished platc and

    the  as-rolled  onc;  In thc  polished plate, a  straight

    boundary  bet",een slag  and  metal  was  noted,  and

    neither  mechanical  bonding nor  intermediatc

    layer was  observed.  In the  as-rolled  plate, the

    scale  was  lost near  the  bead edge,  and  the  slag

    and  metal  made  direct contact  via  roughened  in-

    tcrface,  and  a  nurnber  of  tiny  prQ]'ections were

    found  on  the  metal  surface.

                   Rcferenccs

 ]) D.M.  Rabkin, et  al,:  The  Ease  efSlag  Rcmoval  in Auto-

    matic  Subrnerged Arc  Welding,  Avt.  Svarka, No  3 (1950),
    10-27
2> Yu, V. Bobrikov, N.N. Potapov,  A.V,  Ershov and  Yu. S.
    Vo]obuev;  Controlling thc  Ease of  Slag Removal  from
    Metal  Deposited  with  a  strip  c]cctrode,  Avt. Svarka,  No  5

    (1983), 43-45
3) A.V.  Ershov,  Yu.  S. Volobuev,  N.N.  Potapov  and  Yu.  V.

    Bobrikov:  alarifying thc  Mechanlsm  by  which  S]ag  Crusts

    Bond  to  Deposited  Metals,  Avt. Svarka,  No  8 C1983}, 48-

    504)
 Masaaki Tokuhisa, Norio Hirai, Teruo  Ukikusa, Kozo

    Akahide,  Junichiro Tsuboi: Narrow  Gap  SAW  Process:
    Document  of  the  committee  ofJWS,  SW-1222-80 (1980),
    (inJapanese)
 5) Kazumi  Mori: A  New  Expression  of  Slag  Basicity and  its
    Application to Several Iron  and  Stecl Maklng  Reactions,
   J. Japan Institute of  Nletals, 24-6 (l960), 383-386, (in
   Japancsc)
 6) Yutaka  Ikeda, Yukiharu  Sameshima  andKazuoOhigawa:

    Glass-to-Iron Scaling, J. Society of  Materials  Scicnce,

   Japan, 11-8 cl1977), 515-523,  (in Japanese)
 7> B.W,  K{ng, H.P.  Tripp  and  W.H.  Duckworth:J.  Amer.

    Ceram.  Soc., 42-11 (1959), 504-525
8). J.A. Pask and  R.M.  Fulrath:J.  Amcr.  Ceram. Soc., 45--

    12 (1962), 592-596
91t H-E.  BUhlre  and  L. LeontarlLis: Untersuchungen zur

    Haftung  von  Ernail auf  Stahlblech, Arch. EisenhUtten-

   wesen,  38･-8 (l967), 657-661

10) I. Ohnishi and  M.  Mizuno:  Cas  Cutting  and  its Applica-

   tion  to  Manufacturing  [We]ding library No  7], Japan
   1･Nre]ding Assoc,, (1970), 59-64, (inJapanese)

(61)

NII-Electronic  


