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fevisedCold  Cracking Parameter PHA  anditsApplications"

By  Har'uyeshiSUZUKI**

                                 Abstract

   
in

 
the

 
author's

 previeus ropert  llW  ptI232-82,  a new  and  generalized ceid  cracking  Parameter was  introdZtce4 se
tnat

 
tfie

 cenditions  leading to various  e7f,es of llydeagen-induced cradking  in welded  high-strength steels can  be analyzed  and

predicted using  the dota ebtained.from  the  standardJllS:y  (71,kken ijPe) cracking  cest. in this raport,  the RuA formula has
been

 
made

 
more

 
accurate

 
tkrt'ng

 aalditional  JIS:T tes: dnta, Additienal inj?}rmation andfeures  arePresented  to make  the PeA
agplication proeedure more  accessibte.

   
Vlerifeation

 of the diVctiveness of PuA-analysis has been made  throngh  several  tests sueh  as  en  the dibct ofgroove shape

and  eccentTic  weld  tecatien,
                single-bevet groove RRC  test by Pikkers and  Maller, heel cracking  te"t by 7lanaka and  Kitadu,
cn'tical maximum  harditess in .LISev test. HLtrasawa-Hltrt test, and  kerfoka single-bevel  groove 30 kJ/em  test.

   It is also shaLvn  
that

 
PeA

 parameter is Practically identical to Mtrioka crarking  index CIfor tewer carbon  content  range,
and

 
Pll.t

 
becomes

 identical to Ita-Bessyo cracking  Parameter ,P. in the  case  of severe restraint in JLS:y test, but PuA  has
wider.fields  of agPtications,

1. Introduction

  Based upon  the  premise  that  hydrogen-induced
cracking  in a  steel  weld  occurs  only  when  the  local
hydrogen  concentration  at  the instant of  crack  initia-
tion exceecls  a  critical  value  which  depends on  HAZ

(heat-aflected-zone) ductility and  locally concentrated

strcss,  a  new  cracking  parameter  PffA was  developed
and  described in the  authors'  previous  report  IIW
Doc. IX-1232-82 [1]. PllA analyses  of  cases  of

hydrogen-induced  cracking  in welded  high-strength
steels  have been very  usefu1  in establishing  the  value

of  critical  preheating  temperature  necessary  to aveid

cracking,  as  well  as  in correlating  diderent cracking

test data with  those  of  the  JIS:pt (eblique-Y groove,
Tekken  type)  test,

  The  purpose of  this report  is to revise  the  previous
PHA  forrnula into a  more  reasenable  and  accurate

form, using  additional  JISv (Tekken type)  test data.
Verification of  PEA analysis  of  various  test results  is
also  performed.

Notations

 JISw test; oblique-Y-groove  root  cracking  test in

           JIS (Tekken test).
Hic; 

-'

Hb;

([,r.)cr;

¢ ==Di･

D;

t;tloe;

 ***

dti;

cmtical  hydrogen concentration  at  100ea
for crack  initiation, eq.  (I).
diffiisible hydrogen content  of  electrode

(JIS), eq.  (3)
ratie  of  Hb  to initial hydrogen concen-
tration  of  weld  metal,  eq.  (1), (4),
  thermal  factor for hydrogen difltision,
  eq.  (4).
diflUsion constant,  function of  tempera-

ture, eq.  (4),
time  after  solidification  of  weld  metal.
.time

 to coo]  from solidification  to 1000C.

(tloo)cr;

PffA;Pcm;Pw;CEN;CI;Q;%;

L;tst5;

Hmax;

(Hmax)cr;

wscs;

h;R.;

R.rv;

ow;

ot;

k;

critical  value  of  tioo, minirnum  necessary

to prevent cold  cracking,  eq.  (11).
cracking  parameter,  eq.  (9).
Ito-Bcssyo carbon  equivalent,  eq,  (6).
Ito-Bessyo crackipg  parameter, eq.  (I3).
Yurioka carbon  equivalent,  cq,  (26).
Yurioka  cracking  index, eq.  (25).
arc

 
energy,

 weld  heat input, eq,  (20).
critical  preheating temperature,  mini-
mum

 
necessary

 to prevent cold  cracking,

eq.  (12).
preheating temperature,  eq.  (20).
time  to cool  from 800 to 5000C,  eq,

(21), (22). ,
maximum  hardness in the  HAZ,  eq.

(22).critical
 maximum  hardness, maximum

to
 prevent cold  cracking,  eq.  (23).

formula to estimate  maximum  hardness,
eq,  (22).
thickness  of  specimen,

intensity of  restraint  of  a  joint befbre
welding,  eq,  (18).
equivalent  intensity of  restraint  and  the
RF  in JIS;y test, eq.  (I8).
restraint  stress  (average value  across

the  weld  throat),  eq,  (15).
concentrated  stress  value  across  the  weld

throat, eq.  (l5).
stress  conccntration  ratio  at the  site  of
root  crack  initiation, cq.  (16).

2. CriticalHydrogenConcentrationHc

2.1 dalculation of'Hb

  As was  described in detail in the  previous report

[1], the  value  Hb  of  critical  hydrogen  concentration  in
                                                   '
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                      Revised  Cold  Cracking  Pammeter  PHA

the  HAZ  at  1000C near  the  root  of  a  wcld  where  a

root  crack  initiates in a JIS;y test specimen,  can  be
calculated  with  the foIIowing cquation  assuming

uniform  diflUsion of  hydrogen:

   Ilb -=  (aU.')(U,)cr (1)
where

  Hb(mlflOOg  HAZ):  critical  hydrogen  concen-

      tration  in the  HAZ  at  1000C at  the  location of

      crack  initiation, assuming  uniform  diflUsion of

     hydrogen,

  ( UB)cr : critical  value  of  Clb =-  HB/Hh,  ratio  of  hydro-

      gen  concentration  Hb  at  the  fusion line where

      a root  crack  initiates to the  initial as-deposited

      concentration  Hb, where  Hh;Hk,

  H.(ml/100g FM):  difll)sible hydrogen content
 Fig.

      per 1OO  g  of  fused metal,

   H}i =  2HD', Hb'  is eflbctive  diffUsible

                      hydrogen content,

   A =:  O.60  and  jUb' ==  Hb  for low-hydrogen

                      electrode,

   A == O.48 and  HD' =  Hb12  for high-cellulose

                      electrode,

  H.(mlllOOg):  difiUsible hydrogen

     100g  of  deposited metal  by JIS Z

     glycerine displacement procedure,
     to thc  IIW  mercury  dis

     the  fo11owig formula :

   H.(JIS) =  O.67 Hb(IISNr) -O.8

               (IIW Doc. II-698-74),

  :['hc value  of  UB  can  be calculated  with  the

ing equation,  proposcd by  Cee  and  Chano
modified  by Fuiii [3] for JIS;7 test (17 lgJtcm)
men:

    Uh iE  }"ISi., ;./ (2 sin  O'2hna -sin O'lnrn) exp(-

(2)

              '

         content  per
               3113,
           convertible

placement value  through

                                        (3)

                                      fo11ow-

                                     [2] and

                                       specl-

                                     
n2:;.O-),

                                        (4)
where

   O  (cm2) !!  ZDi.Ati=thermal factor for hydregen

   diflUsion,
   h: thickness  ofspecimen  (cm in this equation),
   D  (cm2fs) : difiUsion constant  (function of  tem-

   perature, [4]),
   t (s): time  elapsed  after  solidification  ofweld

   metal
       :

   tioo (s) : time  to cool  from  solidification  to 1000C.
In this equation  it is assumed  that  diflUsion constant

is uniform  everywhere,  local accumulation  of  hyclrogen

due to stress concentration  do¢ s not  occur,  and  evelu-

tion  of  hydrogen from the root  of  wcld  (2mm  root

gap  in JIS:7 specimen)  can  be  neglected.  The  value

of  Ub, as  shown  in Fig. 1, decreases gradually with  an

increasc of  thermal  factor O  and  is very  slightly

aflt)cted  by specimen  thickness  h only  at  high values

of  thermal  factor.

and  Its Applications (41)
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    1 Decrease  ofhydrogen  cencentration  at  bottom  fusion
      line as  related  to  increase ofthermal  factor.

  UB eq.  (4) was  introduced originally  for the  standard

weld  heat input of  Q=17 bj/cm in JISv test. How-
ever,  it can  be  applied  also  to other  heat inputs, as

may  be understood  from the  fo11owing reason.  The
root  crack  initiation in the  HAZ  in JIS:y test is ob-

served  te occur  at  a  local spot  inside O.2 to  O,3mm

away  from the root  of  weld.  The  hydrogen concen-

tratien  at  this  spet  is seriously  aflticted  by the  cvolution

of  hydrogen  from  the  root  surface  of  2mm  width.

Terasaki et  al.,  [5] found in their  recent  FDM  com-

puter  calculation,  considering  the  hydrogen evolution

frem thc  root,  that  the  hydrogen concentration  at  the

spot  of  initiation, for example,  O.3 mm  away  from the

root,  is approximately  one  half of  the  value  given  by
eq.  (4), in which  the  evolution  from the  root  is neg-

]ected. Moreover, the  hydrogen concentration  is
independent of  the throat  thickness,  provided the
throat  thickness  is over  4mm.  Therefore, eq.  (4)
should  be  replaced  by  Terasaki's equation.  However,
since  the  Terasaki value  is closely  proportiona] to eq.

(4), the  value  of  cracking  pararneter  PliA, as defined by

    PffAi 
-log

 ( UB)cr,

will  yield only  a  constant  diflbrence, for example

log (l12), between Terasaki and  cq.  (4). Thcrefore,
in discussion of  the  relation  between PllA and  critical

cooling  time  Ct,.)cr, which  is the  final cbject  of  this
report,  eq.  (4) is suMcient  and  can  be used  for any

weld  heat  input  which  can  yield a  weld  throat thicker

than  4  mm,

  The  experimental  relational  equation  between ther-

mal  factbr and  cooling  time  t,oo, from solidification  to

1000C, is given by  the  fo11owing  [1]:

    =D,dt, -- 6.87 ×  10-`exp {O.412(log t,,,)2

                   
-O,IOI

 Iog t,oo}, (5)
which  was  obtained  under  test conditions  of  Q=8  to

45  IU/cm, plate thickness  h=9  to 20mm,  and  pre-
heating temperature  71,=20 to 200eC,

  The  relation  between preheating  temperature  and

cooling  time  t,,, is given  experimentally  by Fig. 2
(JSSC) [6].

(41)
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Fig. 2 Relationship  bctween  cooling  time  tioo, preheating  tem-

     . perature  and  plate thickness  forJIS-y  testwith  weld  heat
     input  of  17 ltJIcm,

  When  the  critical  preheating temperature  71p in

JIS:y test is known, (tioo)cr value  can  be determined
from Fig. 2, thermal  factor from eq.  (5), (Ub)cr from
Fig. 1, and  finally the  required  Hb  is given by eq.  (1),

2,2 ExPerimental eeuationfor  Hb

  Experimental  values  fbr critical  hydrogen concen-

tration  Hb  in the  JIS-y standard  test of  the  authors'

and  other  reporters  on  various  HT50  to HT80  steels,

20  to 50mm  thick,  are  plotted in Figs. 3 and  4 for
dithrent  thickness  values  of  20 to 23mm,  25mm,
30 to 32 mm,  and  45  to 50  mm,  against  Ito-Bcssyo's
carbon  equivalent  Pcm  [7] :

    Pcm  (%) -=  C+Si/30+Mnf20+Cu120+Ni/60

               +Cr/20+Mol15+VtlO+5B  (6)

Sixty-nine new  data have been added  to  those  in the

previous  report  [1].
  The  values  of  log Hic seem  to decrease  linearly with

an  increasing Pcm,  that  is,

    log Hb  =a-bPcm.  (7)

  Regression  analysis  yielded the  values  of  a  and  b

as  shown  in Table 1.
The  measured  values  of  constants  a  and  b in Table  1
are  diflbrent from thosc  obtained  in the  prcvious
report  [1] only  for thickness  20mm.  Those values

for mild  restraints  less than  750kgnymm.mm  are  not

necessarily  reliable,  because of  the shortage  of  test

data now  available.

  The  re)ation  between specimen  thickness  and

intensity of  restraint  in JIS-y test was  given  with  a

figure in the  previous report  [1]. It is shown  here in
Table  2, which  may  be more  convenient  fbr readers.
  Measured  valucs  of  constants  a and  b are  shown  in

Fig. 5 with  circles  and  triangles.  Four  straight  lines
were  adopted  to approximate  the  measured  values

:8.-

i, iO.-
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Fig. 3
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Effects of  Pcm  on  critical  hydrogen concentration  Hc  in

JIS-y test of  thrce thicknesses.
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  1.0!.

 ,e=
  .6oo9

  ,4>Ee=

 .z

Fig. 4

O.1.0806

     O.20 025  O.3C
                 P[m[%)

 Effect of  Pcm  on  critical  hydrogen  concentration  Hc  in
 JIS-y test of  20 mm  thickness,

Tab]e  1Censtants  {n log Hc=a-b  Pcm.

Thicknessh
 (mm>

 Intensity of
restraint  RFi

(kgnymm.mm)

Measuredconstant

a b

   50

   30

   25

   20

   -*
   -*
   -*

   -**
     **

Rernarks

339e272e244020901000

 750

 500

 250

  o

2.252.312.222.142.031,971.98ll,911.910.910.28.9S.37,6

   Constant

  a b
ys-F. .d in PA.H-eq.

2.2482.3122.2292.1352.0301.9931.9681.9431,91811.9011,90II.06IO,138.908.27

 7.626.976.32

 
*)**)Mjld

 restraint  was  attained  with  side-slottcdJIS-y

specimens  of  thicknesses of20  to  32 mm.  [7].
Extrapolation  from  Rps=1OOO  te  500

(42)
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Tablc  2 Intensity ofrestraint  RFr (kgnymrn.mm) and  specimen

      thickness  h (rnm) forJIS-y test  CUeda et  al.).

h 10 15 20 25 30 40  50  60 80 IOO

R..1200  1700 ?.P.9.9 2cu}  2720  .3110 
3390 3595

 ge.7-t t9L!19

12

t10

v

e

logHc:d-bP:m

''

2E

z,e

IS

-I

 tol-.IV

     o 1ooD  2ooe  1ooo  4ooe

             RFy tkgf/mrr mm)

Fig. 5 Observed  values  ofconstants  a and  b, wlth

     PnA  approximation  by straight  lines,

and  the  fbur figure values  of  a  and  b in Table 1 were

obtained  fbr P..  equation.

3. CrackingParameterP"A

3.1 introduction of-crackingParameter PHA

  In order  to prevent  root  cracking  in the  JIS-y test
under  standard  weld  heat input ef  17kJlcm,  it is

necessary  te know  the  value  of  the critical  ceoling  timc

(tio,)cr for any  combinatien  of  Pcm,  Ilb and  RF,.

Since the value  of  (Ub)cr is defined by the value  ef

(tioo)cr, the  parameter  P.A  which  is defined by the

fo11owing equation  is the  very  parameter to determine

the  critical  conditien  for root  crack  initiation.

   P..Ei 
log

 CAHb') +F=  
-log(UB)cr,

 S (s)
   F  =-  -  log Hb  ==  bPcm  

-a.
 J

Using thc  values  of  constants  in Table 1, the  fo11owing

fbrmulae for PHA  are  obtained  fbr each  restraint

range:

   
P..

 
ii
 
log

 (aHD 
')

 +F,  )
   For low-hydrogen  clectrode;  t
             PHA 

-

 
log

 (O･6Hp) +F,  t (9a)

   Fer  high-cellulose 
electrode;

 i
             PHA  ==  log (O,24Hb)+F.L

   for R.,<1000  kgnymm･mm

       F  =  (6.32 +2,60  × 10r3R.,)Pcm-O.1

              ×  10"3RF,-1.92  ,

   fbr 1000SR.,<2090

     F  =  (7.71+1.19×  10-3R.,)Pcm-O.l

              × 10-3RF,ml.93,  (9b)

   for 2090$R.,<2720

    F  =  (4.55+2.67 ×  10-3R.,)Pcrn-O.268

             × 10-3R.,-1.58,

   fbr 2720SRF,

      F  =  11.9Pcm+O.089  × 10-3RF,-2,55 ,

where

 Hb(ml/100g,  JIS)...diffusible hydrogen

   (see eq.  (3)),
 Rb  (kgflmm 

.mm)
 , . .equivalent intensity

   (see Table (2)),

[43)

                                 content

                               ef  restraint

  Pcm  (%)...Ito-Bessyocarbon equivalent  (see eq.  (6)),

3.2 Cbmparison with  JIIS-) test `lata

  Observed values  of  critical  cooling  time  (tioe)cr in

JIS-y test are  shown  in Fig. 6 against  the parameter
                                   withPHA. The  plotted values  seem  to  be correlated

the  parameter. The  solid-line  curve  is a  calculated

curve:

   PHA =  -log  (Uh)er =Lf}i{(t  ,,,) 
cr},  (10)

which  is closely  approximated  by  the  following equa-

tion:

   (tioo)cr(s) =  -510+2251P.A-648P..2+740P.A3

                                    (ll)

  In Fig. 6, valucs  of  critical  preheating temperatures

are  shown  on  the  ordinate  on  the  right-hand  side.

It should  be noted  that  the  temperatures  correlate

diflerently to the  cracking  pararneter Pff.t dcpending

on  plate thicknes:.  In contrast,  cooling  time  (tioo)cr
correlates  regardless  of  plate thickness.

  The  relationship  between  the cooling  time,  pre-

heating temperature  and  specimen  thickness  in the

1:.i'8Egge.Eu

3500

loco

2Sco

2ooo

lseo
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soo

o

HT50  -HTIOe sTeels

ctxl!ooe-o,Ie

h CFml :16  -100
Pem(%b:O.17-O.14

HotmVleOgJIS)=e.4-5.e

RFrCltgVmmmmf=2]B-

 h[mm]T

 IE [rTR:[RFv.2]e  -
o 20,Z]aZ5

 

v 50.l2e
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 ,'e 
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'

         a
          PHA=-Le        T
           t{o

/`
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    aWst9

    vS
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g'.r

:,}letedl

[xlJIS-v,17kJlcrn

1i/i
"

ll1lll

/1/t"

''''
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'

'

'

'

'

'

/

    o e5  1.o 15

        PHA ± Tog lO.6  HD)+F  [RFv, Pcm]

Relationship between  critical  cooling

cracking  parameter  RuA  for JIS-y
HTIOO  steels.
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o
 

O  O.5 1.0 1.S 2o

   Crock/ng  parometer  PH"

Relatienship bctween critical  preheating
temperature  7}, cracking  parameter  PHA
and  specimen  thickness h in.JIS-y test.

JIS-y test is shown  in Fig. 2. From  Fig. 2 and  eq.

(11),     
the

 relationship  between the  critical  preheating
terRperature

 7L and  Pll. is obtained  in Fig. 7 fbr
typical
      va!ues  of  thicknesses. The  relationship  may

be
 approximated  by  the fo11owing equations:

   
forh=:

 
20mm,

 
71,
 (OC) ==

 217P..-41,)

          ig .m.m;  i. l6,i.;:: 
-.

 
i,g:

 f. (.)

          somm,  =100PH.+27.J

Thus,
 in average,  for 20 to 50 mm  thicknesses,  roughly

    71, (OC) 
==:

 146R.., (12')
which

 is applicable  only  to the  JIS-y test specimens,

uniformly  preheated  and  air cooled  aftcr  welding.

3.3 Cbmpan'son with  Ito-Bessve Pie;

  Ito and  Bessyo  [7] introduced  in I969 the  foliowing

:ersatC5L:E:Parameter 
Pw

 
based

 
on

 
a
 
number

 ofJIs-y

   Pw  (%) !i  Pcm+Hb160  +R.,140,OOO

          
=fil{(tloo)cr},

    
7lo (OC) =.=.  1440Pw-392  forJIS-y test ,

This  Pw  is for severc  restraint  of  1000 to
mm.mm,  for low  hydrogen contcnts  of  1
(JIS), and  for steels  of  low carbon  contents
O.i8%)  of  HT50  to HTIOO  strength  grades.
  Under  the  same  test conditions  as  were

and  Bessyo, the present PllA
cracking  parameter  Pff, which  is deduced
analytical  procedure  which  was  described   .previous

 report  [I]:

   P.  
=

 Pcm+O.997(Ilb/60)  +R.,f42,OOO

      =.th{(tloo)Cr})

which  is practically equivalcnt  to Ito-Bessvo
the  severe  restraint  range.  

'

(l3)

              3300 kgny

          to 5 mllIOO  g

              (O,07 to

           used  by Ito
formula gives the  fo11owing

             using  the

               in the

  (l4)Pzv
 in

April 1985

4. EquivalentIntensityofRestraint

  The  mechanical  effect  of  the  intensity of  restraint

RF,, of  a  joint on  cold  cracking  works  through  the
concentrated  stress  ai  which  develop at  the  Iocation
of

 crack  initiatiQn. Therefbre, the  value  of  intensity
of  restraint  R., in the  JIS-y test (<2.= 17 ljfcm) which

gives the  same  value  ef  ai,  rnay  be considered  to be
equivalent  to RF of  thejeint  in question, as  far as the
restraint  eflect  is concerned,

  The  values  of  concentrated  stress  ai  in a  groove
weld  which  is eccentrically  located firom the  center  of

plate thickness,  arc  given as  fo11ows [8] in the  elastic

range:

    
ai
 

=

 
kti.(1

 
+Br)!(1+Cr2)

 , )
    a.v=a,,f(1+Cr2),

 1
    Ow  ==  MRFzO,o42R.,  C (15)

    o.  =  a.(1  +Br)/(1 +Cr2) , 1
where,

 oi  (kgnymm2): the  maximum  value  of  concentrated

              transverse  stress  at  the location of

              crack  initiation.
k: stress  concentration  ratio  at  the  location of

    crack  initiation, kii otla.,
o,, (kgnymm2): restraint  transverse  stress, average

              across  weld  throat  for the case  of

              r;O,
a,.v  (kgCXmm2): average  restraint  stress  for cccentric

              weld,  riO,
a.  (kgnyrnm2): local restraint  stress  near  the  root

              of  eccentric  weld.

rEny,r(h,t2):  eccentricity  of  bead location frorn

              plate thickness  center,  n being the

              distance between weld  throat center

              and  thickness  ccnter,  r being  posi-
              tive when  the  weid  is located on  the

              face side  of  plate and  negative  when

              it is on  the  root  side.

 B;O.8:  coeMcient  related  to the  increase 
of

 ]ocal

         surface  stress  on  weld  root,  caused  by  the

         bending  of  basc metal  due to eccentric

         we]d  Iocation [8].
 C=O.64  fbr JIS-y specimen  and  C==3  for RRC  or

 TRC  specimen  [8],
The  values  ofk  are  [l, 8]:

    f8 for
 
smgle

 
or

 
double

 
bcvel

 groove,

k =  J4 for oblique-Y,  symmetric-Y  or  U-groove,

    (     3.5 fordouble-Vgroove,

     I.5 fbr V-groove or  toe  of  weld.

                                        (16)
For  the  .IIS-y test,

   
ai

 
=4rn

 RF,==:0.l68R.,, (elastic range).  (17)
Equating the  two  eqs.  (15) and  (17) of  ai,  the  equiva-

lent intensity of  restraint  RFy is given as  foIlows:

   RFy 
=

 iRF(11++cBrr,), (groove weld).  (ls)

(")
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Revised  CeldCracking  Parameter  Paiand  Its Applicat{ons (45)

  Matsui  ct  al.  [9] clarified  that restraint  stress  in a

single  pass weld  is not  affected  by weld  heat input.
Therefore, RFy eq,  (l8) is available  regardless  of  heat

lnput.

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

procedure should  be  used:

   Any  weld;  oi  ==k'a., (k' is diflerent from eq.  (16)),

   JIS-y, 17 kJ/cm; ai  =4 × O,042Rff, == O,168RF,

Equating the above  two  values  of  at  yields,

   RF, :=  6,Ok'o. (grooveless weld).  (19)

  For cxample,  concerning  a  toc crack  of  a  long  HT80

steel  bead  weld,  a.=/7  (yield stress)i2=:=35  and  k'==1,5,

    RF, ==  315 (kgnymm･mm),
which  means  a  very  mild  restraint.

  It should  be noted  here  that  the  above  formulae,
eqs.  (18) and  (l9), of  equivalent  intensity of  restraint

have been introduced  using  the  elastic  formulae  of

eq.  (15). They  may  not  hold after  weld  metal  yield-
ing, which  occurs  under  normal  restraint,  for example,
1,OOOkgflmm.mm  for HT50  steel  or  1,700 for HT80
steel,  and  ever.  In spite  of  this plausible contradic-

tion, eq.  (18) is very  usefu1  in explaining  experimental

data as will  be shown  later. This fact may  suggest

that strain  concentration  procceds almost  linearly
even  after  yeilding of  weld  metal,  and  the  value  of

concentrated  strain  is more  intimately related  with

cracking  than  restraint  stress.

5. CoolingTimeandMaximurnHardness

5.1 Cbeting time  tioo

  ln Japan, the  cooling  time  tieo, from solidification  to

100eC, of  fusion line, is considered  one  of  the  best
measures  to assess  cold  cracking  phenomena.  It is
aff1]cted  by preheating temperature,  weld  heat input,
specirnen  thickncss  and  dimensions, proccdure  of

preheating  (uniform or  lecal), cooling  condition,

ambicnt  temperature,  etc.  Eight  charts  to read  tioo

values  for various  conditions  were  presentecl in the

previous report  [1].
  When  a  finite plate specimen  is uniformly  preheated,
bead welded  and  then  coolcd  in still  air  witheut

directly touching  a  steel  bed, the  cooling  tjme  tioo

can  be estimated  with  satisfactory  accuracy  using  the

fo]lowing equation  by putting T=  1OOeC and  t=tiee(s) :

    T-  T.. =  (cp;{/Ony4}.t +  Tp  
-
 7L.)exp(-eapSv t )

                                        (20)
where

 T  (OC); weld  metal  temperature,

 TL. CeC); ambient  ternperature,

 73  (OC)i preheating  temperature,

 Q(kJ/cm); arc  energy  (weld heat input),

 op; arc  energy  transfer  eMciency,  O.8

         (SMAW), l,O (SAW),
 t (s); time  after  solidification,

h(cm); specimen  thickness  (cm, not  mm  here),
S (cm2); surface  area  ofspecimen,

 V(cm3); volumeofspecimen,

 c==O.128  (calfgeC) ; specific  heat of  steel,

 p=7,8  (gicm3); density ofsteel,

 rc=O.146  (cm2/s); thermal  diflUsivity,

 ai=O,OO035  (callcm2sOC); heat transfer  cocficient.

This  equation  is valid  for T  below  approximately

4ooec.

5.2 Ceoling timeters

  The  cooling  time  t,ls, from 800 to 5000C,  is an

important  factor which  is necessary  in estimating  the

maximum  hardness in HAZ,  The  analytical  equation

to calculate  tats is vcry  complicated,  but the  value  of

ts/s can  be calculated  with  satisfactory  accuracy  with

the  fo11owing equations  developcd by the  author:

   
ters
 (S) =F

 (6oo! L), 
Q("'fiTp) (2i)

wherc

 F=1  for bead-on-plate long  weld,

 F=O,9  fbr groove weld  (first pass),
 F==O.67 for fi11et weld  (first pass) on  plate thicker

 than  20 mm,

 F=O.45  te O.67 for fillet weld  on  plate thinncr  than

 20 rnm,

The  values  of  constants  are  shown  in Table  3.

Table  3 Constants for calculating  te,,s

h(mm>  Q(IUtcm) T, {OC)r 6a fi

)20
 20

 25

 30lco

6-15 20-200

15-50 do.

 de. do.

 do. do.

 do. de.

  993966

× 10s

  1.31

  3.51

 63200

1,22 o.g4  o.ooo7e

3.30 1.61 -O.OO06B

O.274 1,15 O.OOIII

O.S45 O,97 O.OOI03

1.87 O.96 -O,OOO04

5.3 EstimationofHmax

  The  maximum  hardness in the  HAZ  of  welded  high

strength  steels  is an  important rneasure  for evaluating

weld-zone  ductility, cold  cracking  susceptibility,  and

stress  corrosion  cracking  susceptibility,

  It would  be very  convenient  if Hmax  could  be
predictcd simply  from carbon  content,  Pcm,  and

coeling  time.  To  this end,  the  author  developed a

new  formula, NSC-S,  as fo11ows [IO]:
 NSC-S  formula:

Hmax  (HvlO) =  (187+64C+485Pcm)

     
-(97+680C-441Pcrn)  arctan  X

   x  -  
Yt62-:,Oltlg,/t,92Ci,t･;il

 :M) ･

   Y i  log tats )

where

 C(%):  carboncontent,

 Pcm(%):  eq.  (6),
 tsts (s): cooling  time,  from  800 to  5000C.

･l

i
(22)

[45)
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   Although  Pcm  is not  efli)ctive fbr steels of  carbon

 contents  over  O.18%  as  far as cold  cracking  is con-

 cerned,  the  abovc  formula for Hmax  is available  even

 for higher carbon  content  steels  of  O.35%.

6. ApplicationsofPH.Analysis

 6.1 opect of groove shope  and  eccentric  wetd  lecation

   It has been  shown  experimenta]]y  by many  authors

 that  the  values  of  critical  preheating  temperatures  are

 scriously  affected  by  groove shape  and  weld  location.

 It was  shown  in the previous report  [1] that  this fact

 can  be explained  quantitativcly by  the  ipresent P..A

 analysis  with  the  help  of  the  idea  of  equivalent  inten-
sity  of  restraint  R.,, eq,  (18), but not  at  all  by Ito-
Bessyo Pw, eq,  (I3). The  same  fact hats been asccr-

 tained  again  with  the  revised  fhrmula  of  P"A,  eq.  (9),

6.2 Cbmparison with  Fikkers-MuUer RRC  test data

  Typicai examples  from  the  RRC  test results  of

Fikkers and  Muller [11] on  25 mm  thick  mild  steel

and  HT50,  Mn-Si  and  Mn-Si-V  (Ti) (Nb) steel  plates,
are  shown  in Fig. 8. A  45-degree single-bevel  groove
with  a  root  gap  of  1 mm  was  used  with  a low hydrogen
electrode:

    Hb  (IIW) -- 4-5  mli100  g and  by  eq,  (3)

    Hb  (JIS) -  1.7-2.5

and  weld  heat input of  19 and  251Crfcm without

preheating. The  critical  condition  for root  crack

initiation is given by  the  border linc between the  open

circles and  shaded  circles  in Fig. 8. The  present P.,
criterion  is shown  by  straight  and  bent  broken  lines,

and  seems  to agrec  satisfactorily  with  experimental

data. It should  be noted  that the steels with  carbon

contents  of  less than  O.20%,  for which  the  Pcm  carbon

equivalent  is reliable,  have been plotted in Fig, 8.
Moreover,  the  fo11owing conversion  of  restraint  should

be adopted  in this case:

    RFy  =  kRF14  =  2RF  ･

For thc  ieft figure (25IUfcm), cstimated  cooling

         Steeis/CO.09'020.MnO.]]'1.60,SiO02-O.52%.{V,Nb,Til

O No cr-tk/ng
O Minor ,,-
 [rock)lmm

of  the  J.W.S. Apfi1  1985

 tiMe  (tioe)cr=260 (s), and  P..=O.365  and  IT==O.225.

 For the  right  figure, estimated  cooling  tirne (tioo)cr
  ==152  (s) and  P..=O.312'and  F==O.172.  The  values

 of  tioo were  cstimated  assuming  them  equivalent  to

 the  case  ofJIS-y  test.

 6.3 P.A analysis  of'heet crack

   The  hecl crack  is a  root  crack  in the  HAZ  of  a

 single-pass  fi11et wcld  on  a  7ljoint, It occurs  in a

 tab-test  or  in setting  up  a  strong  back  or  footheld on

 a  high-strength steel  platc, as  well  as  in intermittent

 fi11et welds.  It was  shown  in the  previous  report

 [1] that  hcel cracking  can  be  PffA-analyzcd  quanti-
 tatively.  Tanaka  and  Kitada  test results  [12], name-

 ly, the  efitict of  Pcm  en  the  critical  preheating tempera-

 ture  to avoid  heel cracking,  and  the  relation  between

 critical  preheating  temperatures  ofJIS-y  test and  heel

 cracking  test, were  both quantitatively explained

 with  the  P.., analysis  as  was  described  in detail in the

 previous  report  [1]. The  same  conclusion  has been

 ascertained  also  with  the  revised  PffA formula in this

 report.

 6.4 Ctitical Hmaxfor  JIS" reot  cracking

   The  value  of  critical  maximum  hardness (Hmax)cr,
 over  which  HAZ  root  crack  occurs  in JIS-y test, can

 be estimated  by means  of  P..  and  NSC-S  formulae

 as  was  reported  by the  author  previously [13], One
 example  is shown  here, recalculated  with  the  revised

 formulae  in this rcport.

   Using eq.  (7) (log Hb==a-bPcm),  eqJ  (9) (PllA),
 and  eq.  (I1) (t,.)cr-P.A), thc  value  of  critical (Hmax)
 cr  can  be  estimated  by the  following procedure ats a

 function of  carbon  content  C%  and  intensity of

 restraint  RFy,  for the  case,  fbr example,  of  without

 preheating:

1EEE+o:kE:

Ae
  x/N

 8o

 So

 go
 So

 s gesee.s=S'9sec
 Z5;AJkm

 RFv :2RfxN

 cas

kLl

eL

:e

 by

8
±B.fi`S'6see

 16kJrcm

 RFv ;2RFtXs

 
ag

 hoogt..
glle:;;'

   NA.T,Fikke[sGT.Mulber

h (thickness) 
-.

 Rb, -  (a and  b)

(h, Q-= 17 lj/cm, JIS-y,

           T), 
-

 200C) -
 (tiee)cr =.f}t(h)

                 -tsls  .PffA

2000

bSoo

1OOO

soo

oo

 PH.ltoeoooooo

gei

t8NA

 vge.
 Nexltik;v

 .

e 
Xempne

   N

 RHC  ±est  , No
   HD(11W)
   <
   HDCJIS]

v,

 prehea ±
=4-5  mLmog

        );E.Y-2.6 -
       e
       e.15 o.2o  o.2S  03o  a]S O.2e O,2S  O.se

          p..  =  c+  ?6 + Mn+2CoulCr  tyt  +g.+-t  - sB  t tL ]

Fig. 8 Cemparison  ofPud-estirnated  ci'itical  condition  (broken
     lines) with  Fikkers-Muller  test clata en  mild  and  HT50

     steel  plates,

    (R.y, Pff., HD) -  Pcm

                   C%

                   tst5

  Estimated  values  of

Fig, 9. The  valucs  are

carbon  content,  C91.--O.10,
case,  thc  (Hmax)cr values

values  of  hydrogen
straint  RFy. However,
in the  case  of  mild  restraint.

  It should  be noted  here
of  Hmax,  a  lower carbon

resistant  than  a  higher
irnportant finding resulted

critical  hardness, and  one

shown  in Fig, 10 as  follows,

critical

 compared

content

   the  decrease

 content

carbon

-  (Hmax)cr
   (by NSC-S  eq.)

   Hmax  are

      for three

O.15 and  O.18. In
decrease  with  

'

 HD  and  intensitv               i

       ls not  so

that,  for the  same

     HAZ  is more

    content  HAZ.
from the

example  of

(23)

     shown  in
      levels of

        every

     lncreaslng

        of  re-

       serlous

        value

        crack

         This
PEA-analysis ef

   (Hrnax)cr is

(46)
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HD  and  RFpt for the  criticaE  value  of  (Hmax)cr]=325 in

  In  thc  recent  fabrication of  offshore  steel structures,

it is frequently  specified  in thc  welding  procedure
test that  the  maximum  hardness in the  HAZ  should

not  exceed  325 Hv, that is,

    Hmax  S  325 (Hv)
For  the condition  as  specified,  the  relationship  be-

tween  carbon  content,  diffusible hydrogen  content  and

intensity of  restraint  in the  J!S-y test without  pre-

heating (and heat  input  Q==6 to 30 l{J,fcm) is givcn  in

Fig. 10.

  When  using  Fig. 10 in practical fabrication, it

should  be remembered  that  the  restraint  in the  JIS-y
test specimen  is general]y far more  severe  than  that

actually  observed  in practical structurcs  of  the samc

plate thickness  as  JIS-y spccimen  [14]. Examp]es  ef

measured  values  of  restraint  in practical structures,

indicate that  the  intensities of  restraint  R)･ of  butt

joints are  less than  40 times  the  p]ate thickness;

    R.  (kgD'mm･mm)$40xh (mrn), (24)

  For example,  in wclding  the first pass in a  double-V

buttjeint of  30 mm  thick  p]ate in practica] fabrication,

we  mav  assume  as  fo11ows:      j

    RF  ==  40× 30=1,200kgnymm-mm.

Since for a double-V groovc, k=3.5  and  r'=O  in

eq,  (18),

 :･ RF,==  1,200 × S,5t4 ==
 1,050 kgcrmm.mm,

  When  HD=4.0mlllOOg  (JIS), which  is usual  for

HT50  strength  steel  electrodes  for ofl!ihore  application,

the  left sidc  figure in Fig. 10 requires  the condition  for

RF,  
--

 I 050  :

    C$O.13%

to secure  fl/ma)csrg325w ithout preheating. If C%

==O.10, a  higher value  of  H.==5.5  is permissible.
  The  critical  values  of  Hmax  for IOOOC  preheating

were  also  estimated.  The  Hmax  values  in this case

are  naturally  far greater than  those  of  the  conditlon

without  preheating. The  hydrogen concentration

near  the  root  ofJIS-y  (17 kJlcm) weld  at  the  instant

of  tioe, is reduced  by appreximately  half by 1000C

preheating  from  that  of  the  weld  without  preheating.
Therefore, initial hydrogen content  HD  may  be doubled

by  1000C  preheating.

6.5 Criticat Hmax  in Hlzrasawa-Hart  cracking  test

  Harasawa  and  Hart [15] conducted  a  root  cracking

test with  H-type-slotted selfirestraint  specimens  on

(47)
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1I
 Comparison ofPllA-estimated  critical  Hmax  (broken

        line) with  Harasawa-Hart test  result  (solid line) for
        doubl"V  groove  cracking  test.

three
 25 mm  thick  high-strength steel  plates. Double-

V
 groove  butt joints were  welded  in a  single  pass with-

out  preheating and  with  various  values  of  weld  heat
inputs, diffusible hydrogen contcnts  and  intensities
ofrestraint.  Critical values  ofHmax  were  cletermincd

i･: gl,rp. :",ckie,:,N:iW.,:･gE:.a.int.a.' .s.hox:ihS:,,:::rrs'  ,leri
PHA

 prediction was  made  by the  author  in the  previous
report

 [13]. One  example  is shown  here recalculated
with  the  revised  PHA  formula  as  fo11o"ts.
  For the  tested  double-V  groove, RF  is identical to
the

 K  in Fig. 18 in the Hart  report,  and  1=3.5  
and

r =:O,  therefore,

    E,, 
=

 (3.5f4)R. -  O.s7sR.  -  o.s7sK  .

eg"be.S;.`geZttO,"i.f.:.",E.a,X'g.",-,'//th,O,".t,,r.e.h.eaa.i:g,,gZ:
m

 
the

 preceding  article  6.4. The  estimated  values
shown  in Fig, 11 with  a  broken-line curve,  seem  t8
agree  satisfactorily  with  Hart  data.

  Moreover, the  observed  HAZ  Hmax  values  
as

aopcted
 by cooling  time  t,t, agreed  well  with  the

estimated
 values  by NSC-S  Hmax  formula  in eq.  (22).

6.6 Vberioka singte-bevet 30 kJl,fcm test

  
Yurioka

 et  al. [16] cenducted  a  root  cracking  test
of

 
heavy

 plates with  a  high  heat input  ef  30 kJtcm.The7  used  HLslotted type  selfircstraint  cracking  test
specimens  of  single-bevel  groove for 50  to  IOOmm
thick

 HT50,  HT60  and  HT80  steels. The  intcnsitv

:;r,estr.a.i,n-i7R,F.:.asi7ir.ied.fr.o.m.,.2.9,3to.3.5,.2.0,kg.`7,l":}.;,m,.:i,}

z::2gtrv.Eg8ui.y.LU

   April

4o]c4oeo

1985

             O  O.5 1.0 1.5 20
                

PHn:log(OGHD)+FCRFy,Pcm)

  Fig, 12 Compariso"  ofPuA-estimation  (brokcnline) with

         Yurioka  test result  for single-bevel  groove  cracking

         test  with  30 4.Scm heat imput.

cooling  timc  (tioo)cr are  shown  in Fig. 12 against  PfiA.
Although  the  values  are  widely  scattered,  they  seerri

to agree  qualitatively with  the  calculated  curve  for
JIS-y 17kJlcm,  The  critical  cooling  time  (tioo)cr
was  calculated  from  preheating temperature  using

eq.  (20).

6.7 Cbmparison with  Ito-Bessvo Pw  or  }inrioka cr

  It was  indicated that Ito-Bessyo cracking  parameter
Pw,  cq.  C13) in article  3.3 is very  close  to the  PffA
cracking  parameter PE  in scvere  restraint  range.

  Yurioka and  his co-workers  [17] proposed a  simple

formula for the  crackin.cr  index, CI, which  is defined
by the  fo11owing:

    CI i!i CEN+O,  15 1og Hb  +O,30 1og (O.O17Kt o.)  ,

                                           (25)
"rhere

    CEN(%)=!C+A(C){Sii24+Mn/6+Cu,,15

       +Ni/20+(Cr+Mo+Nb+V)15+5B},

   A(C)  EO.75  +O.25 tanh  {20 (C -O.  12)} ,

  The  new  formula  CEN  is a  carbon  e  
'

can  bc applied  both  te low-carbon content  and

(26)

                                 quivalent which

                                          high-
carbon  content  steels,  in  contrast  to Pcm  which  is
reasonable  only  for a  low  carbon  centent  of  less than
about  O.I8%.

  It was  proved [1] that  the  cracking  index CI is prac-
tically identical to  P"A  both in mild  and  severe  restraint

ranges,  provided  steels  have lower carbon  content

than  O,18%,  The  same  conclusion  was  ascertained

a]so  with  the  revised  fbrmula of  PffA.

(48)
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6.8 Comparison with  lvptant test data

 PfiA-analysis ef  Implant cracking  test data is new  in

progress and  wM  be  reported  soon.  Generally speak-

ing, the cquivalent  intensity of  restraint  RFy  of  Implant
test data is rather  low, mostly  smaller  than  1000 kgq'

mm･mm,  The  P..  equation  (9b) in this mild re-

straint  range  is not  nccessarily  verified  with  abundant

data efJIS-y,  RRC-y,  or  TRC-y  te$t.

6.9 Precautions in tipPtications  ofPHn

 Thc  PHA  fermula (eq. 9), the  relation  (t,oo)cr to

PHA  (eq. 11), and  the  relation  7b  to P..  (eq, 12) were
all  derived from the  JIS-y test data of  weld  heat input

17IUfcm.  Therefore,  some  remarks  on  the  eflbct  of

heat input may  bc  desirable :

 eq.  (9), PHA-formula･･･-･･independent of  heat  input,

 eq･  (11), (tico)cr-P.n ･･･do.,  provided weld  throat

                  depth is over  4 mm  (heat
                  input over  7 kJlcm),
 eq.  (12), 71)--P.A･-･･･････seriously aflected  by heat

                  input, because tioo- 7b

                  depends  cn  heat input,

 eq.  (18), RF,-RF･･･  
･･--･･independent

 ef  heat input ,

Sincc PHA  employs  Pcm,  it should  be applied  only  to

steels  of  lower carbon  contents  of  less than  approxi-

mately  O.l8%.  It should  be applied  only  to single

pass welds,  not  tc multipass  welds.

7. Conclusions

 In  the  previous report  [1], a  new  cracking  para-
metcr  PffA was  introduced  in ordei  to analyze  and

predict the critical conditions  leading to varicus  types

of  hydrogen-induced ccld  cracking  in wclded  high-

strength  steels.

 In  this report,  the fbimula  fbr PHA  has been revised

into a  more  reasonable  and  accurate  forrn by  adding

newJIS-y  test data to the  previous  cnes.  It has been
ascertained  that  tl]e revised  PHA  fbrmula  and  the

analyses  of  various  experimental  tcst results  agree

satisfactorily  with  experimental  findings. Verification

of  the  eflk]ctiveness  of  PffA-analysis has been done for

various  cases  such  as;  (1) cflEct  of  groove  shape

and  cccentric  weld  Iocation, (2) Fikkers-Muller RRC
test with  single  bevel groove, (3) Tanaka-Kitada heel

cracking  test, (4) critical  maxirnum  hardness  in

JIS-y test, (5) Harasawa-Hart reot  cracking  test with

double-V  groove, (6) Yurioka  single  bevel grcove

30 lcJ/cm root  cracking  test, and  (7) comparison  with

Ito-Bessyo Pw  and  Yurioka cracking  index CI.

  In this  report,  additional  information  such  as

formulae  to estimate  cooling  times  of  tioo and  ts/s are

presented  together  with  a  convenient  formula  NSC-S

to  estimate  maximum  hardness.
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