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Prevention Against Cold Cracking
Accumulation Cracking Parameterby

 the Hydrogen
PHA*

By  Haruyoshi  SUZUKI**  and  NobutakaYURIOKA***

                                   Abstract

   
in

 
eurPrevious

 
roport

 
llW

 IX-1 I95-81, a  neto  formula for cracking  Parameter PJLA was  intreduced in order  to analyze
andPreth'ct

 
the

 
critical

 
conditions

 
leading

 to various  mpes of ip,diegen-indned cold  cracking  in welded  high-strength steeis.

   
in

 
this

 
roport,

 the,formuia yl]r PJ"  has been giwen in a  mere  reasenableform  ly means  ofa dptrent andsimPlerProcedure
.for its intreduction 

and
 oj, adby)ting a more  rigorousformula  .for the intensity of rejtraint  of the JIS:y test specimen,

    
71ee

 idea of'eeuivalent intensity of' restraint  Rb,y, u;hich direct(v coneeTns  the magnitude  qf locaistressconcentrationneaT
the

 
root

 of a  one7Pass  :eveld  in a buttv'oin4 has Proven to be vev, usefitl  in esplaining  guantitatively the di}cts of varieusgroove
sftope.s

 
and

 
eccentric

 
teeid

 iocations on  the vaiues  ofcriticat coeling  tiniefor thePrevention  of root cracking.
   

Mereover,
 
erperimentat.Endings

 on  heei eracking  (HAZ root  cracking  in a shortYitlet weld  in a 7Veint) of"T50steels
are  satiEthctoril.w  erpiained  by PJ"  analysis,

   IVbmagrophs
 
andYZg"res

 are  si{paliedfor  ealc!ttating PtfA, cooling  times andPreheating  tenrperatttres.

1. Introduction

  Based  upon  the  premise that  hydrogen-induced
cracking  in a  steel  weld  occurs  only  when  the  local
hydrogcn concentration  at  the  instant of  crack  initia-
tion  exceeds  a  critical  valuc  which  depends on  HAZ
(heat-aflbcted 

-zone)
 ductility and  locally concentrated

stress,
 

a
 

new
 cracking  parameter  PHA  was  develeped

and  dcscribed in the  authors'  previous report  IIW  Doc.
IX-1195-81  [1]. PHA  analyses  of  cases  ofhydrogen-

induced cracking  in welded  high-strength steels  have
been very  useful  in estabtishing  the  value  of  critical

preheating  temperature  nccessary  to avoid  cracking,

as  well  as  in correlating  diflerent cracking  test data
with  thosc  ef  the  JIS-y (oblique-Y groove, Tekken
type)  test.

  In the  previous report,  the  values  for intensitv of                                          j
restraint  of  the  JIS-y test specimcn  were  set as  fo1-
lows:

  RF. 
==-

 70Xh, for thickness  hS  40  mm

     =･'  2800  kg £fmm･mm  for h>  40 mm.

As  this is a  rough  approximation,  the  authors  employed

in this report  a  more  rigorous  formula ofrestraint  which

was  first introduced  by Ueda  and  his co-werkers  [2].
  The  slight  increase in restraint  stress  due to an  in-
crease  in weld  heat input, as proposed  by  Kirihara  et

al.  [3], was  ignored in the  present report  which  relies

upon  the  recent  experimental  eviclence  presented by
Terasaki  and  his co-workers  [4].
  Moreover, a  simplified  procedure is introduced  in
this report  fbr deducing the  cracking  parameter  PHA.
Thc  validity  of  the  parameter is dcmonstrated  through
additional  experimental  evidence,
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2. Critical Hydrogen
   test

Concentration  HL  inJS-y

2.I i'Vleasured  vatues ofcriticat dydiogen concentration

  As was  described in detail in the  previous report  [1],
the  value  H.  of  critical  hydrogen  concentration  in the
HAZ  at  1000C near  the  root  of  a  weld  where  aroot

crack  initiates in a  JIS-y test specimen,  can  be cal-

culatcd  with  the  foIIowing equation  assuming  uniform

diflUsion ofhydrogen:

  H,=(2  Hn') (UB)cr (1)
where

  H} (mlllOO g HAZ)  : critical  hydrogen concentration

    at  the  fusion ]ine, assuming  uniform  diffbsion ef

    hydrogen.

  ( UB)cr : critical  value  of  U. -  HBIH., ratio  of  hydrogen

    eoncentration  HB  at  the  fusion line where  a  root

    crack  initiates, to the  initial as-deposited  concen-

    tration  Ili, where  4  t=iHF･

  H.  (mlt'100 g FM):  diflUsible hydrogen contcnt  per
    100 g of  fused metal.

   
HF=AHD',HD'is

 effective  diflUsible hydrogen')

       
content,

 l

    
A=9i,6.0t,a."dd.,HD'!L'Hpforlow-hydrogen

 
,L<2)

    2-O.48  ancl  Hb'=H.Y2  fbr high-cellulose 1
       electrode.  t

  H.  (ml/IOO g) : diflUsible hydrogen content  per 100

   g of  deposited metal  byJIS  Z 31 13, glycerine dis-
    placement  procedure,  convertible  to the  IIW  mer-

    cury  displacement value  through  the  foIIowing
   formula:

                     Revised IIW  Doc. IX-1232-82,

                                           Ohtcmachi 2-6-3, Tokyo  100,Japan.  Dr, Eng., Dr. Sc., Honorar)'
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H.(JIS)-O,67  H.(IIW)  -O.8

           (IIW Doc. II-698-74)

  UB!  2iil !  (2 sin  nxL-sin  2nnL)
      

n;lnX

                   exp  (-n2x2L2r)

  r =' i>, Sk ,D  (t)dt=XD, ' tit,,'l,2 ,

  Lite/h,

where

  h(mm)  : thickness of  test specimen,

  l.(mm):  eflective  weld  thic

     diffusion, l,==O.20 cm  for weld

     17 iijfcm (FLijii).
  r:  time  factor for hydrogen diflUsion,

  D(cm2Isec): diffUsionconstant,

  t(sec): time  elapsed  after  so

  tioo(sec): time  to cool  to 100eC  from

  E] Dititi e-6,87 ×  10-  ̀exp  {O.412
                           -O.101

The  tirne  factor for JIS-y standard  test

  Ti7='  Tioo  fbr 17 )IJ/cm=

  Experimental values  for critical

tration 4  in the JIS-y standard  test

and  other  reporters  on  various  HT50

20 to 50mm  thick,  are  plotted in Fig,
thicand

 45 to 50  mm,  against  Ito-Bessyo's

(3)

Coe  and

Chano  (4)

kness for hydrogen

      heat input Q=

                       lidification,

                               solidification.

                          (log t,.)2

                              log iioe} (5)

                              of  17 lgJIcrn,

                  (ZDidt,),./(O.2)Z (s),

                           hydrogcn concen-

                             of  the  authors'

                             to HT80  steels,

                              1 for diffbrent
kness values  of20  to 23 mm,  25 mm,  30 to 32 mm,

                             carbon  equiva-

O,20 O.25 O,50

  Y yh=20  C23)mmO.4

lent Pcm  [5] :

  P..(O/.)===C+Sit30+Mn120+Cu/20+Ni160

            +Cr120+Mol15+VllO+5B  (6)

The  values  of  log H.  seem  to decrease linearly with  an

increasing P.., that is,

  Iog H,=a-b  P.., (7)

  Regression analysis  yielded the  values  of  a  and  b

shown  in Fig. 1.

  The  values  of  intensity of  restraint  in the  JIS-y
test were  set  as  fo11ows in the previous report  [1] for
the  sake  of  simplicity:

  
R.,(kgffmm･mm)=70h,

 
fbrhS40mrn,)

 (s)
                  =2800,  forh>40mm.J

In  this report,  however, a  new  formula, proposed  by

Ueda, Fukuda  and  Kim  [2], is adopted  as  a  better

alternative,  The  (Rp), in Fig, 2 is thc  mean  value

of  intensity of  restraint  as  related  to specimen  thick-

ness,  calculated  assuming  uniform  loading along  the

y-groove, It gives somewhat  higher values  than  eq.

(8).
  Values  of  log H,  are  compared  in Fig. 3 with  in-
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Pcm{%]  ='  C+Sil]OHMn+Cu+Cr)t20+NlrGOtMoll5+VtlO+5B

Relationship  between critical  hydrogen  cencentra-

tion  H., carbon  equivalent  P..  and  intensity of

restraint  RFy  inJIS-y test (Q.== 17 lgJlcm).

(41)
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Table 1. Constants in leg Hc=a-b  Pcm

Transactions of  the  J.W.S.

Constant

April 1983

Thickness  Intensityefrestraint
h (mm) RFy  (kge'rnm･mm)

a b

50302520 3,3902,7202,4402,090l,OOO

 750

 500

2,252.312.222.262.03I.971,98IL91L910.910.68.98.37.6

12log

 Hc!a-bPtmo.P/Q

o

and  accerdingly

  PlliP..+A2IogH.+REID=F,+R.,IDiiE  (10)
The  above  fbrmula of  PH  is the  required  cracking

parameter for the restraint  range  between Ri and  R2.

(l) Severe restraint  range  (h=20 to 50 mm)

  Since Ri=3,390kgnymm.mm  for thickness  h=50
mm,  and  R2=2,090  for h==20  mm,  eq.  (10) gives:

n Le

a

8

22

2.o

18

v'LY.iltl!llL!E!9ZBi!
-IT+;S4xLelRfv

   tr:e9B1

            e efS/o

-P'("ti m/S,l.tOgiSl;lo'iRF
        / 1

            o loeD  2oec  ]oao  4oco

                     RFv[kgtlmmff,m]

      Fig. 4 Values  of  censtants  a  and  b as they  relate

            to RFy.

dicated values  of  R.,.  The  four straight  solid  Iines
are  from Fig. I, whiie  the  three  chain  lines are  from
the  previeus report  [1]. The  values  of  constants  a

and  b in eq.  (7) are  shown  in Table  1 and  Fig. 4.

  Regression analysis  of  the  constants  a  and  b in Fig.
4 yields the  fo11owing equations:

  
a=

 
1,92

 +O.i21 × 10r3 RF,, }                                             (9)
  b==7.17+1.54 × 10-3RF. J

2.2 Cracking parameter.fbr each  range  of restraint

  A  formula  for cracking  parameter  Pu  for a  narrow

range  of  restraints  between Ri and  R2 can  be  deduced
as  £ )11ows  [l]:
  Suppo$e the  relationship  betssTeen H.  and  P..  is given
for each  restraint  as  fo11ows:

  
For

 
Ri,

 
P..

 
FAi

 
log

 
H,i=Fi,

 )
  For  R,, P.rn+A2 log H.2=F2  J
For  an  arbitrary  intensity of  restraint  RF  which  is
R,>=R-･)R,, the  fbllowing equation  may  be a  good
approxlmatlon:

  P.. +A2 log H,=F2-  (RF-RF2)tD
Putting RF=R!,  the  above  equation  becomes identical
to  the  second  one  fbr R2 and  for Rr  it will  become  equal

to the  first one,  provided that  the  fo11owing value  of  D
is adopted:

  D=(R]-R2)/I[F2mFiA2,/Ai+(A2-Ai)PcmlAi]

[42)

   
Pcm

 
+
 
Ofo'
 
O.9h4.LIZgo

 
j7.c

 g/oR: :/,t2'300 
=

 
O'
 
263'

 ] (i i)

 For  low  hydrogen  electrodes,

  log H.=log  {RH.'(U.)cr} ==log  {O.6 H.(U.)  cr}

Hence,  from  eq.  (11),

   P..+O.094  1og H.+R..142,300  -i  {(t,.)c, } (12)
  The  JIS:y test data from Ito and  Bessyo [5] are  fbr
HD=1to5ml!IOOg  and  h=I9  to 50mm.  For  the
limited range  of  HD,

  log H.  t=, 10. I (H.!60) -O.087  ,

Therefore, eq.  (12) is transformed  into;

   
Pcm,',,OA9iY,D,'L6g','.R.F,".'Z'EIOPi.,Si'ima'lil

 (i3)

This is almost  equivalent  to Ito-Bessyo's cracking

parameter  P., that is,

  P.iiP..+(H.160)+R..!40,OOO"{(t,.)c,}  (I4)

(2) Extrcmely severe  restraint  range  (h==30 to 50

     mm)

For this range,  the  fbllou.ing is obtained:

  
P.m=

 
+O,084

 
10g

 
ff,

 +RF.fl34,OOO=O.214, )
  

log
 
H.tll.9

 
P.m+O.089 ×

 
10-3

 
R..=2,55,

 sY (l5)

   fbr h=30  to 50  mm,  R..==2,720  to 3,390.J

(3) Mild  restraint  range  (R..$IOOOkgnymm･mm)
  For  the  mild  restraint  range  of  RF,==:500 to  1000
kgD'mm.mm  the  value  of  constant  b in Fig. 4 should

change  with  RF. along  the  broken line, that  is,

  b=6.32+2,6  x  10-SR.,, (for R..=500  to 1,OOO), (16)
Hence the  fbllowing is obtained  fbr the rnild  restraint

range:

  
Pcm,,',O.'iiZ..:.Og,"7,e',,,R,B'1fiillOlli2.31`'1

 {i7)

3. Hydrogen  accumulation  cracking  parameter
   PHA

3,1 I)b,drogen accumalation  ratio

  The  critical  hydrogen  concentration  H. so  far defined
was  calculated  assuming  uniform  diff1ision of  hydrogen
and  ignoring local accumulation  of  hydrogen at  loca-
tions  with  high strcss  concentration.

NII-ElectronicMbraryService
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  In the  JIS:? test, high stress  concentration  occurs  at

a  coarse-grained  HAZ  area  near  the  root  of  the weld.

The  microstructure  of  this area  also  diffbrs greatly
from the  microstructure  cf  the  weld  metal  and  base
metal,  resulting  in a  considerable  difllerence in the

value  of  the  diffinsion constant  for hydrogen. It is well

known  that  in such  an  area  hydrogen tends  to ac-

cumulate  locally, as  was  pointed out  in the  previous
report  [I],
  Therefore, it may  be  assumed  that  the  hydrcgen
concentration  which  directlv aflects  cold  crack  initia-                       J
tion is not  the value  H                   but the accumulated  concentra-
                  e:

tionIVxH..  AstheaccumulationratioNwillincrease

as  restraint  becomes rnere  severe,  the  critical  value  of

H.  will  become  smaller,  This tendency  is clearly

shown  in Fig. 3.

  Assuming  the value  of  N  at  R.,=3,200  kggfmm-mm

(h=43 mm)  is IVH, and  using  the  valuc  cf  constants  a

and  b in Table 1, the  fbllowing equatien  is produced:

  log AI.IN==  
-O.39+O.121

 ×  IO-3 R.,

                 +(4.93-1.54× 10-3RFy)Pcm･

Since N=1  fbr R..=O,  the  fo11owing is obtained:

  iog AI=1.54 × 10-3 R..  P..-O.121xlOr3.  (18)

The  values  of  accumulation  ratio  N  are  shown  in Fig.
5 against  RFy for three  representativc  values  of  P...

The  ratio  N  increases as  the  values  ef  restraint  and

carbon  equivalent  increase, but it levels off  for high
restraint  over  3,200kgnymm.mm,

  For example,  for P..==O.25%, the  fo11owing is eb-

tained:

  N=exp  (O.OO061 R..).

This is very  similar  to the  theoretical  equation  which

was  deduced by us  from  the  calculation  by Satoh et

al, [6]:

  N=exp  (O.OO045 R..).

20

 ba

  s

  6-

  4

2

the  fo11owing equations  are  obtained:

  PHA  Ei log (ftH.') +F=: 
-log

 (U.)cr

for RF,S,OOO  kgnymm  
･mm

  Fi(6,32+2.60xlOJ3RF,)P..-O.121

               × 10-3 R..-1.92,

for 1,OOO<RF,$3,200

  Fii(7･17+1･54 × 10"3RF,)P.m-O･121

               × 10-3 R..-1.92,

for R..>3,200

  F  ]-  1 I ,9 P..+O.089  × lO-3 RF,-2.55.

  In  order  to prevent  root  cracking  in

undcr  standard  weld  hcat input of

neccssary  to know  the  value  of  the  critical

(tioo)cr for any  combination  of  P..,
the  value  of  (U.)cr is defined by  the

the  parametcr PHA  which  is defined by

very  parameter to determinc the  critical

root  crack  initiation.
  Observed values  of  critical cooling  

'

JISiy test are  shown  in Fig. 6 against

PHA･  The  plotted values  seern

the  parameter.  The  solid-line  curve  is

curve:

  PHA=-log  (UB)cr=Lfh{(tioo)cr},
which  is closely  approximated  by the  fo11

tion:

  (ti.)cr(sec) ==  1,145 P..2t864  P..-171

(20)

(21)

     the  JISzy test
    171gJ/'cm, it is

      cooling  time

HD  and  RFy, Since

   value  of  (tioo)cr,
     eq,  (20) is the
      condition  fbr

     tlme  (t]oo)cr in

      the  parameter
to be corre]ated  with

       a theoretical

owlng  equa-

   e looo  2ooo  3ooe  4ooo

         RFy[kgVmm･mm}

Fig, 5 Ratio  N  ofhydrogen  accumulation,

3.2 CrackingParameterPHA

  Substituting eqs,  (9) and  (16) into eq, (7), and  from

eq.  (15), formulac for calculating  log H.  arc  obtained

for (17 lgJfcm) JIS:7 test data.
Since

  
F=.

 
-log

 
H.=-log

 (ZHD')-log (UB)Cr, l (lg)
  .: F+log  (AH.');=-log (L'B)cr,                                    '

                                   -

Moreover,  the  theoretical  curve  is practically linear
in the  range  ef  RF.<1,500  kg £imm.mm,  that  is:

  (tieo)cr (sec) ==:2,238 PHA-562,  (for Q. =  l7 l{Jicm) , (22)

leoo

25eo

1a.
 2ooets1!:

 1500-.E-?t'

 
leoo:1stL

 sooU

o

HTSO-HTDO,b:IS-Lloomm,Pem ±O.IT"-O,54za
Ho=O,4-5.9mLllOOgDMWISI.HFv:21e'L4010

Kev  htmm)

 T  16 or  TRCtRFv:ase.I4re  kpVmm･fivn)

 !' l'!'t;'si7 /. 
"

l･ii

-.-.

250

o  os  -,o  L･5 h[mm1  2e2

          '
   PHAtlog[NIDI--FCRFv.Pcm]

Relationship between  critical

(tioo),. and  cracking  parametcr  PHA

200=l75

tse

125eLet[O

loogs

Fig. 6

   sc

   ?g
   ?85su5'O

                      cooling  time

                          for the

JIS-y test with  we]d  heat input of  17 kllcm.

(43)
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(44) Transaedons  ef  the  J.W.S. April  19S3
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    /]feheetifig  temperatvre eph

Relationship  between  cooling

preheating temperature  and

for the JIS-y test specimens

(JSSc),

  2CO  250

cec)time

 to 1000C,

platc thickness

(Q-  1 7 )Jtem)

Thus,  in average,  for 20 to 50  mm  thicknesscs,

  To(:C) =:=  146 PHA, (24)

which  is applicable  only  to the  JISv, tcst specimens,

uniformly  preheated  and  air  coolcd  after  welding.

  Thc  relationship  between  the  critical  ceoling  time

and  cracking  parameter  PHA  in the  present report  is
only  slightly  diflerent from that  in the  previous report

[1], where  the  intensity of  restraint  was  sct  as  eq,  (8)
instead of  the present Fig. 2.

4. Effbct of  weld  heat input

250

6t
 2eoeyeE

 I50orcrEsg

 lco.6EyaE

 -go.-o.5-

Fig. 8.

  As was  described in the previous report  [1], weld

throat  depth increases with  an  increasc in weld  hcat

input. According to Kirihara [3], Terasaki [4] and

the  present authors,  the fo11owing cxperimental  equa-

tion  holds for weld  throat  in groove welds.

  h.e2 (mm2) =.

where

  htvo(rnm) :

  Q(llJ/cm) :

Typical  values

3.l13+1.765 q, ( .- 2q),

throat  depth of  a  groove  weld,

weld  heat input (arc energy).

of  throat  depth  are  shown  in

Table  2. Weld  heat input and  threat  depth,

(25)

Table 2.

o
 e o.s L.o :.s 2.o

   Crocklng porameter  Ln

Relationship between  critical  preheating
temperature  To, cracking  parameter  PHA
and  specimen  thickness  h in the JIS-y
test.

  In Fig. 6, values  ofcritical  preheating  temperatures

are  shown  on  the  ordinate  on  the  right-hand  side,  It
should  be  noted  that  the  tcmperatures  correlate  difi
ferently to the  cracking  parameter  PHA  dcpending on

plate thickness.  In contrast,  cooling  time  (tico)cr cor-

relates  regardless  of  plate thickness,

  The  relationship  between the  cooling  time,  preheat-
ing ternperature  and  specimen  thickness  in the  JIS:y
test is as  shown  in Fig. 7, From  Fig. 7 and  eq.  (22),
the  relationship  between  the  critical  preheating tem-

perature and  PHA  is obtained  in Fig.8 fbr typical  values

of  thickness.  The  relationship  rnay  be approximated

by the  following equations:

for h==t20 mm,

25 mm,

38 mm,

50  mm,

T,(Oc)==217 PH.-41,
=167  PHA-14,
=125

 PH.+I3,
=100  P.A+27,

(23)

QkJ,tcm 6.0 7.5 10  12.5 15 l7.5 20 22.5 25 27.5 30

h.,e mm  3.5 4.0 4.5 5.0 5.5 6.0 6.3 6.6 6,9 7.2 7.3

  In thc  present rcport,  the  eflect  of  weld  heat input
on  rcstraint  stress  (average value  across  throat  section)

is neglected  as  proposed  by Terasaki [3].
  The  relationship  eq.  (22) between  PHA  and  the critical

cooling  time  (t]oo)cr was  introduced in the  case  ofweld

heat input of  17 lgJlcm. It was  assumed  in the  pre-
vious  report  that  the  relationship  should  be modified

firom eq,  (22) whcn  difR rent  heat inputs are  concerned.

This is because the  werd  throat  thickness  becomes

greater with  an  increase in heat input and  retards

hydrogen  evolution  from the  weld  metal,  and  accord-

ing]y the  critical  cooling  time  should  be  made  longer
to avoid  hydrogen cracking.

  This  reasoning  seems  to  be right  for bead-on-plate
weld.  However, in the  case  of  a  groove  weld,  hy-
drogen is released  into air  not  only  from the  weld  face
surface,  but  also  from  the  root  surface  which  is about

2 mm  wide  in the  casc  of  thc JISv) specimen.  Since
the  severest  stress  concentration  occurs  at  the  critical

location of  root  crack  initiation, on  the  fusion Iine about
O,3 mm  awayinside  from  the  root  of  wcld  the hydrogen
concentration  HB  at  thc  critical  location may  be serious-
Iy affected  by the  existence  of  the  root  surface.

  A  recent  computer  analysis,  conducted  by Professor
Terasaki and  the  present authors,  on  the  hydrogcn con-
centration  HB  at  the critical  location of  root  crack

initiation revealed  that  the concentration  is deterrnined
by the  initial deposited hydrogen concentration  and

the  cooling  time  t,oo, regardless  of  the  magnitude  of

throat thickness  in the  case  of  throat  thickncss  greater

c")
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than  approximately  4mrn.  Therefore, we  may  con-

clude  that  eq.  (22) is also  valid  for any  weld  heat

input greater than  about  6 lj/cm.
  For any  we}d  heat input greater than  6 kJ/cm:

  (tioo)cr (sec) 
--2,238

 PHA.-562, (26)

5. Equivalent  intensity of  restraint

  The  mechanical  effect  of  the  intcnsity of  restraint                                  J
RFy  of  a joint on  cold  cracking  works  through  the  con-

centrated  strcss  ai  which  exists  at  the  iocation of  crack

initiation. Therefbre, the  value  of  intensity of  re-

straint  R..  in the  JIS:y test (Q=:=17 lgJicm) which

gives the  same  ot,  may  be considered  equivalent  to RF

of  thejoint  in question, as  far as  the  restraint  effect is

concerned.

  The  values  of  concentrated  stress  at  
'in

 a  groove
weld  which  is eccentricallv  iocated from  the  center  of                      '

plate thickness,  are  given as  follows [7] in the  elastic

range:

   
ot=ko,.(1+Br)/(1+Cr2),

 )
  o.v=a.t(1+Cr2),  1
                          fi (27)
   o.=mRF=O.042  RF, 1

   ar=a.(I+Br)1(1+cr2),  )
where,

  ot(kgnymm2):  the  maximum  value  of  concentrated

              transverse  stress  at  the  location of  crack

              initiation.

  k: stress  concentration  ratio  at  thc  location of  crack

     initiation [1], kEoi/a..

  o,.(kg £imm2):  restraint  transversc  stress,  average

              across  weld  throat  for the  case  ofr==O.

  a.v(kge'mrn2):  average  restraint  stress  for eccentric

              weld,  rlO  [7].
  o,(kgnymm2):local  restraint  stress  near  the  root  of

              eccentric  weld.

  r=-opt(h/2):  eccentricity  of  bead location from

              plate thickness  center,  ny is the  dis-
              tance  between weld  throat  center  and

              thickness  center,  r  is positive when

              the  weld  is located on  the  face side  of

              plate and  negative  when  on  the  root

              side,

  BiO,8:  coeMcient  related  to the  increase of  local

         surface  stress  on  weld  root,  caused  by the

         bending of  base metal  due  to eccentric  weld

         location [7].
  C==O.64 for JIS;7 specimen  and  C==3 for RRC  or

  TRC  spccimen  [7],
The  values  ofk  are  [1, 7]:

k-8

 for single  or  double bevel greeve,
4 foroblique-Y,symmetric-YorU-groove,
3,5 for double-V groove,
I,5 for V-groove  or  toe  of  weld,

For  the  JIS:), test,

(28)

                                         (45)

  at=4m  R.,=O.168  R..,  (elastic range).  (29>

Equating the  two  eqs.  (27) and  (29) of  ot,  the  equi-

valent  intensity of  restraint  RFy  is given as  foilows:

  RF. =t 2 RF(IlttcBrr,), (groovc weld).  (3o)

  In the  case  of  a  weld  without  a  groove, the  fo11owing

procedures  should  be  used:

  Any  weld;  ai=k'o,.  (k' is diflt,rent from eq.  (28)),
  JISzy, 17 kl/cm; o,=4 × O.042 R..=O.168  R..

Equating  the  above  two  values  of  oi,

  RF.==6.0k'o., (grooveless weld).  (31)

  For  example,  concerning  a  toe crack  ofa  long HT80
steel bead weld,  a,. ÷  0,ield stress),i2=35  and  k'== 1.5.
Thus,

  RF,=315  (kg£,'mm･mm),

which  means  a  very  mild  restraint.

  It should  be noted  here that  the  above  formulae,
eqs.  (30) and  (31), of  equivalent  intensity of  restraint

have becn  introduced  by  means  of  the  elastic  formulae

of  eq.  <27). They  do not  hold after  weld  metal  yield-
ing, which  occurs  under  normal  restraint,  for example,

l,OOO kgnymm･mm  for HT50  steel  or  1,700 fbr HT80

steel,  and  over.  In spite  of  this plausible contradic-

tion,  eq.  (30) is very  useful  in explaining  experimental

data  as  will  be shown  later. This fact may  suggest

that  strain  concentration  proceeds almost  linearly even
after  yielding of  weld  metal,  and  the  valuc  of  con-

centrated  strain  is more  intimately associated  with

cracking  than  restraint  stress.

6. Applications of  PHA  analysis

6,1 llff/ect ofgroove shcipe  and  eccentric  w,etd  location

  It has been shown  experimentally  by Matsui [8],
Inagaki  [9], Kirihara [10], Kataoka [II] and  Bada

[12] and  their co-werkers,  that  the  valucs  of  critical

preheating  temperatures  are  seriously  affbcted  by

groove shape  and  weld  location. The  experimental

valucs  of  the  critical  cooling  times  (tioD)cr obtainecl  by
those  researchers  for various  groove  shapes  of  oblique-

Y,  double-V, symmetric-Y,  single  bevel, double beveT,
and  V, and  fbr eccentric  weld  locations, in JISv size

specimens,  are  shown  in Fig. 9, Those  values  of  critical

cooling  times  correlate  satisfactorily  with  the  new  crack-

ing parameter PHA  (ieft-hand figure), Correlation with
Ito-Bessyo's pararneter P.  (eq. I4), however, is obvious-
ly very  poor. It is because the  P.-prediction is only
valid  for the  oblique-Y  groove.

6.2 Analysis ofheel crack

  The  heel crack  is a  root  crack  in the  HAZ  of  a  single-

pass fi11et weld  on  Tjoint. It ocucrs  in a  tab-test  or

in setting  up  a  strong  back or  foothold on  a  high-
strength  steel  plate, as  well  as  in intermittent fiIlet

welds.

(45)
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Correlation between  critical  cooling  time and  cracking  paramctcr  PHA  or  Pw
(Ito-Bes$yo) for various  groove  shapes  and  weld  locat{ons (roet cracking  in the
HAZ  in the  JIS-y size  specimens,  17 1[Jtcm),

  Tanaka  and  Kitada [13] performed  extensive  ex-

periments  on  hecl cracking  of  HT50  stcels  welded  with

low-hydrogen  electrodes.  They  found that  the  Tjoint
specimen  shown  in Fig. IO could  reproduce  heel cracks
in practical fabrication, Moreover, they  showed  that

heel cracking  is aflectcd  greatly by the  thickness  of  the

web  plate, and  that  the  severest  cracking  occurs  in
specimens  with  thicknesses  of  about  8 to 14 rnm  and

no  cracking  occurs  in specimens  20 mm  thick.  Fillet

taek
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Fig, IO

O.15  O.20  O.2S  O.30

           Pcm{%]

 Critical preheating temperaturc  to avoid

 heel cracking  in HT50  stee]sofC-Mn-{X)

 type  (test data by Tanaka  Kitada)  (tff=
 12 mrn,  HD=4.0  ml/leO  gJIS),

welding  on  both sides  prevented cracking.  They  con-

cluded  that  the  cracking  was  attributable  to HAZ
hardening  and  vertical  expansion  and  contraction  in
the  wcb  plate due  to the  thermal  cycle  of  the  weld.

  The  problern of  hcel cracking  can  be PHA-analyzed
as  fbllows. The  magnitude  of  the  restraint  stress  near

the  root  and  across  the  fusion line may  reasonably  be
assumed  to bc of  the  order  of  the  yield strength  of  the

weld  mctal,  that  is, about  45 kgfi'mm2 in the  case  ofa

HT50  grade  electrode  and  k'==4. Hence,  by eq.  (31),
with  o.=ay=45  kgSimm2,

  R.. (heel crack)  ==24  a.=1,080  kgCJmm.mm.

Since H.=4,Omlt'100g  (JIS) for the  HT50  electrodes,

eq.  (20) gives:

  PHA=8'83  PcTn-1･67.

As the  fi11et leg length is 6mm  and  Q=15 )Ufcm,  eq.

(26) yields:

  (t,.)cr (sec)=19,762 P..-4,299  (32)

  For  the  test  specimen  in Fig. 10, h=12+12mm,
the  rneasured  relationship  between  preheating tem-

perature  T,  and  cooling  time  tico is as  fbllcws:

  T. (OC) O 25 50 75 100 125 l50

  ti. (sec) 35 80 260 520 780 940  1040

  Therefore, eq,  (32) can  be converted  into a  rela-

tionship  between Th and  P.., which  is shown  in Fig,

10 with  a  solid-line  curve,  of  which  an  approximation

is:

  7',COC)-2,600P..-559.  (33)

  This  PHA-prediction of  critical preheating tempera-
ture  seems  to agree  satisfactorily  with  the  test data  by

Tanaka  and  Kitada.

(46)
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Fig. 11 Comparison  ofcritical  prehetaing temperature

     for heel cracking  versus  JIS-y root  cracking

     (HT50 steels, test data by Tanaka  and  Kitada) .

 Tanaka  and  Kitada  [13] compared  heel cracking

with  JIS:y root  cracking.  They  showed  that  the

critical  preheating  temperatures  T.h in the  heel crack-
ing ef  12 mm  thick  HT50  steel  plates, were  consistently

lower  than  those  T..  of  20 mm  thick  oblique-Y  tests,

as  shown  in Fig. 11, This fact can  be explained  by
PHA  theory  as  fbllows:

 The  critical preheating  tcmperature  Tcy of  the

standard  JIS oblique-Y  test on  a  20 mm  thick  plate
is as  fbllows under  PHA  theory:

 T.,(eC)  ==  2,254 P..-429  (34)

 The  value  of  T.h fbr heel cracking  of  12 mm  thick

plates is given by eq.  (33). Thus, from eqs.  (33) and

(34),

 To. ("C) ==O･87 Toh+56･  (35)

This  PHA-prediction is shown  in Fig.11 withastraight

line and  seems  to  agree  with  the  test data.

6.3 Relationship bettt,een (]l and  PffA

 Yurioka  and  his co-workers  [14] proposcd  a  simple

formula for the cracking  index, CI, which  is defined

by the  fo11owing:

 CI  !i  CEN+O.15  log H.+O.30  log (O,Ol7 K,  a.),  (36)

where

 CEN=-C+A(C){Sii24+Mni6+Cu/15  >
   +Ni/20+(Cr+Mo+Nb+V)/'5+5B},  t (37)

 A,t(C)!iO,75+O.25tanh  {20(C-O.12)}. J

 The  new  formula CEN  is a  carbon  equivalent  which

can  be applied  both  te low-carbon content  and  high-

carbon  content  steels,  in contrast  to P..  which  is re-

asonable  only  fora low carbon  content  ofless  than  about

O.179,/., By  the  way,  the  IIW  carbon  equivalent  seems

to be adequate  only  for high carbon  content  over  about

O.189,･',.

 For carbon  contents  ranging  from O.02 to O.190f6,

 CEN;  1･54 Pcrn･

The  value  ofXEO.O17  K,  a., in the  third term  in eq.

(36) is in practice 2 to 6 and  the  following approxima-
tion  holds:

 Iog x--o,oo37s+o,134  x;o.134  x.

Therefore, eq.  (36) becomes:

 CII1,54  P..+O.15  Iog H.+O,30xO.134

      (0.017 Kt a.),

(1) Elastic range  (mild restraint)  inJISzF  test

 For a.<av  (yield stress  of  weld  metal),  o.

RF., Kt==4, and  eq,  (38) yields the fbllowing:

 CI=1.54{P..+O,097  log H.+R../13,42S}

(38)

=:O.042

(39)

which  is similar  to the  PHA  formula in the  case  of  mild

restraint,  eq.  (17):

 P..+O.132  log H.+R..i14,700=O.324,

(2) Severe restraint  range  (plastic range)

 In this case,  Terasaki and  Satoh [4] propose the

fo11owing fbrmula  fbr restraint  stress:

  a.=aF+,  O,O14 (RFy-RFyi.id)-

In  this case,  eq.  (38) yields the  fo11owing:

 CI-1.54  {P..+O.097 log H.+R../40,323}

                     +const. (40)

This  is very  similar  to thc  PHA  forrnula under  severe

restraint,  eq.  (12):

  P..+O.094  Iog H.+R..i42,300=Lfii{(tioo)cr}･

Therefore, it may  be concluded  that cracking  index

CI is almost  equivalent  to the  cracking  parameter PHA,

7. Conclusions

 In  our  previous report  [1] of  IIW  Doc  IX-1195-81,
a  new  formula, i.e,, cracking  parameter  PHA,  was  m-

troduced  in order  to analyze  and  predict the  critical

conditions  leading to various  types ofhydrogen-induced

cold  cracking  in welded  high-strength steels,

 In this report,  the  fbrmula fbr PHA  has been given in

a  more  reasonable  form by  means  ef  a  diflerent aria

simpler  procedure for its introduction and  by adopting

a  more  rigorous  Ueda  formula  for the intensity of  re-

straint  of  the  JISvd (Tckken) test specimens.  
'

 The  main  conclusions  are  as  foI]ows:

 (1) The  values  of  critical hydregen concentration

H,  for JISv test HAZ  roet  cracking,  if calculated

assuming  uniform  diffusion of  hydrogen, grow  smaller,

as the  carbon  equivalent  P..  andlor  intensity of  rc-

straint  RFy  become  larger, that  is:

 ]og H.==a-b  P..,

where  the  constants  a  and  b (positive) are  functions of

RF.  (Table 1, Figs. 3 and  4).

  (2) The  above-rnentioned  fact scems  to indicate

(47)

NII-Electronic  



Japan Welding Society

NII-Electronic Library Service

JapanWelding  Society

(48) Transactions of  the  J.W.S.

that  the  accumulated  hydrogen concentration  NxH,
in the high stress  concentrated  area  of  crack  initiation

                                          '

is a  factor directly afibcting  cracking.  The  value  of

N  of  the hydrogen accumulation  ratio  is given in eq.

(18) and  in Fig. 5 as a  function of  P..  and  RF.. Values
of  N  for severe  restraint  are  4 to 12.

  (3) The  formula for cracking  parameter  PHA  has
been  introduced  by censidering  the  eflect  of  accumula-
tion  ratio  N,  It takes  three  slightly  different forms

(eqs. 20 and  2I) depending  on  the  intensity of  res-

traint. It correlates  satisfactorily  with  the  observed

values  ofcritical  cooling  time  in theJISw  tests (Fig. 6),

  Fer Q.= 17 lgllcm, (t,.),, (sec)==2,23B PHA-562,

and  the values  of  critical  preheating temperature  for
theJIS:7  test are  given by:

  7-L (OC) ==  167 P..-14,  for h=20  to 25 mm,

  7-2(OC)=l25 P..+13,  for h=38  to 50 mm,

and  in average  71,(OC)=146 PHA,

  (4) The  idea ofequivalent  intensity of  restraint  RF.

(eq. 30), which  is directly associated  with  the  magnitude

of  local stress  concentration  near  the  root  of  one-pass

weld  metal  in a  butt:joint, is shown  to be  very  usefu1
in explaining  quantitatively (Fig, 9) the  eflbcts  of

various  groove  shapes  and  eccentric  weld  locations on

the values  for critical  cooling  time,

  (5) Values of  preheating  temperatures  which  pre-
vcnt  heel cracking  (root HAZ  cracking  in a  short  T-
type  fi11ct N4reld)  can  be predicted using  the  PHA  theory

and  agree  satisfactorily  with  experimental  values  (Figs.
10 and  11).

  (6) The  present cracking  parameter PHA  is almost

identical to Ito-Bessyo's cracking  parameter P.  (eq.
I4) in a  severe  restraint  range.  It is also shown  that

the cracking  index CI, recently  proposed  by the  authors

to simplify  the  matter  [14], is approximately  equivalent

to PHA･

  (7) Nomographs  are  preposed for calculating  the
cracking  parameter  (Fig. 13),
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8. How  to  use  the  PHA

The  present PHA  analysis

analysis

is effective  only  for a  single
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Fig. 13(a) Nomograph  to calculate  F for RFy=1,OOe
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        (b) for F-value),

        (1) Get  the  F-value  (point C)  joining A

          (RFy) and  B (P.m). Move  to point
          D  on  F'F' line.
        (2) Get  the  PHA-value  (point G) joining D

          (F) and  E  (H),
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pass weld  in the range  of  weld  heat inputs Q/=6 to 30
kJ/cm. However,  it could  be applied  to a  multipass

weld  if the  hydrogen concentration  were  given at  the

location of  crack  initiation. The  fbllowing procedure
should  be taken  in using  the  cracking  parameter PHA.

  (1) Calculate RFy, equivalent  intensity of  restraint.

  RF  (kgnymm.mm): intensity of  restraint  of  a  joint,
see  Appendix  1 and  reference  [15].
  RFy(kgnymm.mrn):  equivalcnt  intensity of  restraint

of  any  joint in which  the  restraint  is RF., is given by
eqs,  (30) and  (31),
  The  intensity of  restraint  of  the  JISv test specimen

under  the  standard  weid  heat  input  of  17 kJl'cm is

identical to R.y, see  Fig, 2.

  (2) Calculate the  value  of  the  cracking  parameter
PHA  by eqs. (20) and  (21) or by nomographs  Fig, 13,

  PHA!  log (2HD')tF.

  (3) Calculate the  value  of  critical  cooling  time

(tico),. by eqs. (26), regardless  ofthe  weld  heat input

(arc energy).

  (4) Obtain thc  value  of  Tl, critical  preheating
temperaturc,  for the (tioo).., from thc relationship  be-
tween  7-1, tioo, Q, plate thickness,  joint geometry and

uniform  or  local preheating  procedure.  The  rela-

tionship  should  be predetermined or  may  be calculat-

ed  by ref,  [16], see  Appendix  2. If the  relationship  is
not  given, the  value  of  T, can  be  estimated  approxi-

mately  by the  following equation,  in the  case  of  test

specirnens  which  are  similar  in sizc  to the  JISv test

specimens  and  uniforrnly  preheated and  slowly  cooled

after  welding:

  
T.(eC):l6,,7

 
P,:.AL.lgl

 :lih,l:i:Zl.gl :1
However,  it is not  applicable  to a  welded  joint locally

preheated; thcn  sec  Fig, 14.

  An  approximate  estimation  of  the  cooiing  time  (tioo)
for a  heat input and  plate thickness  is given by Yurioka

et al, [17], see  Appendix  2 and  Fig. 14 (a) to (h).
Examples  of  RF  and  RFy  at  the  root  of  weld:

 JIStl test specimen  of  thickness  (mm) × l50 × 200

  (mm) ;

    R.  (kgfi'mm･mm), see  Fig. 2, RF==RF.=(Rp)..

 JIS:r test with  any  Q(IEJIcm);

    RFy=RF'

 JIS:r size  specimen,  with  any  groove  shape  other

  than  obliqueev  ;

    RF  ==  R.  (JIS;y), but R..  i= R.  (JIS;r).

 JISv size  specimen  with  single  bevel groove, weld

  at  the  ccnter  of  thickness  ;

    k=8,  r=  O,

     :' RFy=2XRF･

  Single bevel groove weld  with  fu11 penetration;

                                    (49)

    k==1･5,r==n(h12-h.,t2)1(h/2)=-(h-h.)fh,

    where  h. is the throat depth.

    For RRC  test, B=O.8  and  C==3,

    .･. R....1･45((11tt3QS)r)R.

    RF  ==  Eh/t, wherc  E  is Yeung's  rnodulus,  h is plate
    thickness and  l is the restraining  distance in the
    RRC  test.

  Underbead  cracking  test, with  a  long test bead;

    k'=1-wl.5.  RFy=::6 × 1.5a.=9 × (transverse re-

    sidual  stress.),  o.=ov.t2=(weld  metal  yield

    stress)f2.

    :. RFy=4.5oy.

  Implant  test; RF.=a.,,tO.042,

    for specimen  of  8-7  D  mm,  a.=O.75  (ai..) ;

      ･1 RFy=17･9  (aimp),
       do, 8-4Dmm,  o.==O.62  (a;..);
      :･ RF,=14･8(Oimp)･

  CTS  test; pending.

4ppendix 1 bitensity ofrestraint, RF

  
"Intensity

 of  rsetraint''  in a  groove  weld  joint bcfbre

welding  is defined by Satoh and  his co-workers  [15]
as:

  
[`the

 magnitucle  of  force per unit  weld  length which
is necessary  to displace elastically  the  root  gap  by a

unit  length,"

  In the  RRC  test, Fig. 12 in which  l is the  restraint

distance, RF  is given by

  RF  (kgf7mm･mm)=Ehll,

where  E==21,OOO kgnymm2 is Young's  modulus,  h (mm)
is the  plate thickness.

  The  magnitude  of  R.  in the  JIS:y test specimen  is

givcn experimentally  or  by FEM  analysis  with  com-

puter, for exarnple,  Fig. 2. It increases with  an  in-
crease  of  plate thickness  and  levels off  ncar  at h)50
mm.

  Measurements  ef  RF  in real  structures  indicated that

in most  cases  R.<40  h.

  For more  details, see  ref.  [l5].

4PPendix 2 Estimation of'cooling time  t,.

  The  value  ofcooling  tirne tioo can  be calculated  with

computer  using  Terasaki and  his-co-workers formula

[16]. However, a  good approximation  is given by
Yurioka  et  aL  [17], as  shown  in Fig, l4 (a) to (h).
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