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                                   Abstract

   bi order  te irtvestigate mainly  thc cfflect of augmented  strain  and  strain  rate  on  the solidijication  cracki"g  of weld  metais,

the FZiriabte 7lensite Strain hot cracking  test qnParatus te,as neiv4?  preduced, bi this Poper,four pPes ofairtminum and  their

atkv  sheets  were  examitied  bj this test amparatus.  Frem these results,  it ze,as ceiijirmed  that  this nyiparatus was  suitable.fbr

evatuation  of crack  suscoptibilit.], of sheet metals  because of its mpPlicabitio, of variable  tensile strain  and  strain  rate  on  ivetd

beads drtring welding.

   From  the relation  bettveen strain  rate  andcrack  tength, it tvas  JIJttnd tltat there tvas  a threshold valae  of' sti'ttin rate  for
crack  initiation and  the craak  tength deereased, reaclvad  a  eortstant  value,  with  an  increasirtg straiJt rate.

   Cbmparing the test materiats,  it te'as ascertained  that solidijication cracking  was  suscopeible  in order  of A 2024, 5e83

5052  and  1050  metuts.

1. Introduction

  There  have been preposed  many  mcthods  to per-
form hot cracking  tests for a  long  time,  and  each  ef

them  is going to be used  extensively  according  to

its aim  and  test condition.  For example,  one  of  the

authors  introduced  thc  methods  ot' hot cracking  test

and  their  practical use  in Japan, requestcd  by the

Sec:ond Cornmitce  of  IIW]).

  Though  several  tcsting  methods  have been oflt:rcd

one  after  another  now  the  Varestraint tesL by  Savage2)

and  the  Trans-Varestraint  test by Senda  and  )L(a-
tsuda3)  arc  widely  being  adopted  f:or many  studies  or

tests, which  yield us  good  results.  These  mcthods

are  gradually  clarifying  thc  factors to thc  growing
mechanism  and  the  effectiveness  of  solidification

cracking  of  weld  metals,  in carbon  steel  and  other

allovs3,4).   j
  In addition  to thesc  methods,  therc  is the  Anglc

Expanding  Typc  Fillet weld  cracking  test5} "･hich  is

sometimes  adopted  as  hot cracking  test  and  it belongs

to the  bending load type,  On  thc  other  hand, wc

can  find only  a  few  studies  about  tcnsile  strain  type

solidification  cracking  test up  to  this  time.  Among

them,  the  Baumann  Technical  College Test firstly
developed  by  Russian  investigators6'7), is very  con-

venicnt  for quantitative examination  of  solidification

cracking  susceptibility  by use  of  various  rates  of

tensile loading. Recently,  Nakata  and  Nishiura8)
ofllered  the  idea of  a  tensile  restraint  hot cracking

test which  can  changc  tensile defbrmation  given to

weld  rnetals  according  to degrees of  restraint.  They
examined  mainly  the  rclation  between wclding  var-

iables and  solidification  cracking.

  Now,  in this report,  to make  clear  mainly  the

eflbct  of  strain  rate  which  has IittLc been examined,

systematic  cxperiments  on  solidification  cracking  of

weld  mctars  of  aluminum  alloys  have  been  perfbrmed

  
4
 Received  23 February  1977

  
**

 Member,  Tokyo  lnstitute ol'  Tcchnology,  Okayama  2-12-1,

 
***

 Tokyo  Institute ol'  Technology.

using  the  Variable Tensile Strain hot cracking  test

apparatus,  which  can  vary  arbitrarily  augmented

strain  and  strain  rate.

  2. TestApparatusandMethod

    The  Variable Tensile Strain hot cracking  test

  apparatus  which  was  asscmbled  on  trial  is able  to

  examine  hot cracking  occurring  in weld  metals  by

  loading swiftly  the  tcsting  matcrials  with  optional

  strain  and  strain  rate.  The  mechanisrn  ef  this  ap-

  paratus is shown  in Fig. 1. It consists  of  air  cylinder,

  gear box, metor  and  restraining  jig. The  main  sys-

  tem  is as  fo11ows,

    At  first, a  specimen  @  is fixcd b>, a  restrainingjig  (D.

  Though  an  air  cylinder  @  is stopped  in its movcment

  by  the  stopper  @, when  a  motor  @  begins transmitting

  its revolution  to the  stoppcr@  through  an  electro-

  magnetic  clutch,  this stopper  moves  in the  direction

  that  the  arrow  points to; then  the  cylinder  pushes
  a  lever @  and  the  specimen  receives  tensile  load, with

  the  restaining  jig, because  ef  revo]ution  around  a

  hinge  point O, But  after  revolving  to some  extent,

  the  lever is stepped  by the  stopper  @, so  the  specimen

  naturally  ceases  to rnove  in the  desirable displacement,

    Therefore, the  clisplacement can  be  changed  op-

  tionally  in Oe-Jl,5mm  range  and  O.15mm  interval

  by moving  the location of  thc  s[oppcr  @, Moreever,

  the  strain  rate  can  be  changed  in ONO.13  sec range

  extcnsively,  by  contro]ling  the  moving  spced  of  the

  stopper  @  with  a  reduction  gcar and  a  variable  motor

  in a  gear  box @.
    Test  sheets  are  cut  off  to a  specimen  of  70 ×  100 mm

  size.  This specimen  is completely  fixed by bolts to

  thejig  fitted with  sharp  edges  on  its back surface,  In

  this case,  the  restraining  distancc is set  at  50mm,

  A  single  bead  NNreld  is performed without  the  addi-
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           Fig.1  Tcstapparatus.
a:stopper  b:aircylindcr c:lever

g: gear box j: jig m:  motor

d:stopper

p: hinge points:  spccimcn

 the  J.W.S.

scissors-type  strainmeter  made  of

bronze  clip  gage put into two  small

a  distance of  20mm  across  a  weld

specimen,  as  shown  in Photo.  I.

 September  1977

a  phosphorous
holes located at

 bead on  each

 Photo.1  Test  apparaius  and  seissors  typestrain  rneter  uscd.

tion  of  fi11er inctal  using  a  tungsten-inert  gas (Tig)
welding  machine.  A  test bcad is laid about  80 mm

along  thc  longitudinal  centerline,  and  just when  the
weld  arc  reaches  the  center  of  thc  specimen,  an  op-

tional  tensilc  strain  is applied  quickly to the  weld

bead  by  an  clectromagnetic  switch  "rith  a  given
straln  rate,

  The  displacement  applied  to the  specimen  can  be
measurcd  not  onlv  bv  a  difllerential transforrner  set

on  thc  upper  sid6  oi  the  lever @, but  also  conti-

nuously  during welding  by a  penrecorder,  using  a

3. Test  Materials  and  Test  Condition

  One  commercially  pure  aluminum  and  three  alu-

minum  alloy  sheets  of  2mrn  thick  were  selected  for
tcst materials.  Table 1 shows  their  chemical  com-

positions. A  2024  (AI-Cu) belongs to  the  duralumin
type  and  is said  to be  comparatively  susceptible  to

cracking.  A  5052 and  A  5083  (Al-Mg) excel  in
corrosion  resistance,  and  recently  A  5083 has been
applied  widely  to shipbuilding  or  pressure vessel,

  The  surface  ofa  specimen  cut  to a  size  of  70 ×  1OO mm

was  polished with  a  wire  brush, and  degreased by
acctone,  A  glass wool  was  laid under  the  specimen

and  was  fixed together  with  it to  the  jig, Thc  weld-

ing conditions  are  AC  current  95nvl05  Ampere,  arc

voltage  14 Volt and  wclding  speed  300 mmt'min  but
170 mmlmin  for A  1050 metal.  Thesc were  decided
as  the  conditions  suitable  for melting  the  sheet  spe-

cimen  to fu11 thickness  and  forming a  nice  back bead,
by  the  preliminar>, experiment.

  Fig. 2 shows  the  relationship  between displacement
measured  bv a  differential transformer  and  strain  bv
a  clip  gage  auring welding,  Therc  is a  comparativelY
linear relationship  between them,  but their  inclina-
tions  of  lines are  somewhat  differnt in each  material.

The  length ofactual  crack  was  measured  with  an  opti-

    Table  1 ahemical  composition  ef  test materials  (O/.)
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cal  microscope

crack  length or

pecitively.

of  low magnification,  then  maximum

total crack  length was  obtained  res-

4. TestResults

1) Relatien bctween  augmented  strain  and  cracking

  In  this test, solidification  cracking  was  formed verti-

cally  to the  solidification  line of  weld  puddle under

the  arc,  when  tensile  strain  acted  on  the specimen.

Photo. 2 shows  the  form  of  cracking  which  appeared

in A  5052 metal  for two  of  diffbrent augmented  stra-

ins. There  arc  one  bold crack  in central  pertion and

other  fine cracks  around  it, Photo,  3 shows  the

(a>

crack  which  cocurred  in A  2024 metal,  The  crack

extended  continuously  to the  end  of  the  weld  bead
because  of  its greater susceptibility  to  cracking.

  Fig. 3 illustrates the change  of  total crack  length

Lt against  augrnented  strain,  ancl  Fig. 4 shows  also

a  maximum  crack  length Lrn  in case  of  set  the  strain

rate  at  O.046iscc. Both crack  lcngths become  greater
with  an  increase of  augmented  strain,  but  these  are

saturated  to a  constant  value  al'ter  exceeding  a  certain

strain.  This saturated  value  of  maximum  crack

length seems  to be  related  to  the  brittleness tempera-

ture  range  (BTR) which  has been already  shown  by

Senda  and  Matsuda3)  in their  Trans-Varestraint

test,

  Here. in case  of  A  2024  metal  as  the figure shows,

crack  lengths began  growing  again  rapidly  after

passing a  small  flat part ef  the  curve.  This may  be

explained  as  follows: the  crack  grew  or  spread  spor-

adically  after  straining,  becausc  of  the  greater crack-

ing susceptibility  of  the  metal,  In  case  of  A  2024
metal,  therefore,  this small  flat part was  regarded  con-

veniently  as  maximum  crack  length associated  with

brittleness temperature  range,  These  values  are
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Appcarance  of  cracking  in A  5052 metal,

Augmented  strain  : (a) 2.5 %, (b) 3,69,o
?sE

 le"

£
pm[siE.5E-ERUE

      y   auL

Ar

'''''

21

1

//A/

"'

.

-o- lose-ts--
 2024-.-
 5052-.-
 soe3

 E=ODdEts

   i

       t (it i              --

      --(     .

e

   o-o

/
oeooe

Photo.  3Appearance  of  cracking  ln A  2024  metal.

Augmented  strain  2.09,i,.

  e
   e l 2 3

               Stra[n  E Ceio)

Fig. 4 Relation  between maximum  crack  length and  augment-

     ed  strain

(65)



Japan Welding Society

NII-Electronic Library Service

JapanWeldingSociety

C146) Transaetio"s  oftheJ.W.S. September  1977

JIS Cede

A  10SO 1

  Table2

Zmax(rrIM)O.91

A  2024

Summary  oi'  weld  cracking  criteria  obtained  by the  test.

7.S
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BTR  CST
(OC) {10'51CC)
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175

    L[nax : Staturated s,alue  of  maximum  crack  length

    BTR  : Britttencss tcmperature  range

    C]ST : CrTtical strain  rate  tbr temperature  drop
    Emin  : Minimum  augmcnted  strain  for cracking
    gmin : A'[in{mum strain  rate  for cracking
    SP : Strain rate  at  peak  value  ofmaximum  crack  length

given in Table  2 as  Lmax.

2) Relation  between  Strain Rate  and  Cracking

  Fig. 5 shows  the  relations  between  strain  rate  and

maximum  crack  lcngth on  A  1050, 5052  and  5083
metals,  fbr different augrnented  strains.  From  these

rcsults,  it is tbund  that  each  metal  except  A  1050 has
thc  threshold  valuc  of  strain  rate  fbr crack  initiation
Stnin and  the  strain  rate  shows  a  peak  value  of

rnaximurn  crack  length gp, and  moreovcr,  thcsc

values  difll]r in each  metal.  On  the  other  hand, in
A  I050  rnetal,  this Sp could  not  bc  obtained  in spitc

of  selecting  rather  large strain,  because of  a  compara-

tively  high  crack  resistance  of  the  metal.  Further-
more,  in case  of  A  2024 metal  which  is the  most  sus-

ceptible  Lo cracking,  experiments  ceuld  not  bc per-
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5. Discussions

1) Solidification Brittleness Temperature  Range

  Fig. 6 illustrates the  solidification  brittlcness tem-

perature range  (BTR) of  each  test metal  obtained

according  to the  method  of  Senda and  Matsuda
using  maximum  crack  length Lmax  in Fig, 4. These
curvcs  were  given by the  fo11owing process. That
is, liquidus temperature  Ta  and  crack  arresting  tem-

perature Tb  were  obtainedi  from thermal  cyc]c  curves

of  weld  metal  measured  on  each  specimen,  and  then

Tfi=(7}-  Tb) sct  to the  brittleness temperature  rangc

(BTR) was  plotted against  augmented  strain.  There-
fore, considering  that the  more  extensive  thc  BTR  is,
the  more  susceptible  to hot cracking,  the  cracking

tendency  of  test metals  is greater in the  ordcr  of  A
2024, 5083, 5052  and  ]050. As expected,  A  2024
metal  has the  most  cxtensive  BTR.  Thcrefore,  the

tangential  broken line to the  BTR  curves  in Fig. 6
is apparently  the so-called  minimum  strain  rate  for
tempcrature  drop  (CST) shown  by Senda and  Ma-
tsuda3).  These  values  obtained  on  each  metal  are

$hown  in Tablc  2. Besides, the  minimum  strain
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2) Strain Rate  Dependence  of  Crack  Length

  Previously in Fig. 5, it was  shown  that  strain  rate

has the  threshold  value  in crack  initiation Smin

and  the peak value  of  maximum  crack  length  Sp.

These  values  are  also  thought  to be very  important  as

the  criteria  for crack  susccptibility  of  each  metal.

Fig, 7 ilustrates qua]itatively the change  of  augmented

strain,  holding  time,  actual  crack  length  and  length

of  instantaneous  brittle range  with  an  increasing
rate.  If the strain  rate  increased, the  augrnented

strain  per unit  time  added  on  weld  bead  swelled  like

the broken  line in Fig. 7, and  so  the  rninirnum  strain

rate  fbr cracking  could  be obtained  when  the strain

exceedcd  the  critical  strain  for cracking  determined

for each  metal.  As  the  strain  rate  dccreases here,

the  holding  time  of  augmented  strain  (t) bccomcs
longer, and  the  crack  length increases because a

larger strain  over  the  critical  strain  for cracking  is

added  to the  brittleness temperature  range  for a  long
time,  Then, the  peak  value  of  maximum  crack

length appears  as  shown  in Fig. 7.

  When  the  strain  rate  increases exceedingly,  the

holding  time  of  augmented  strain  decreases extre-

mely,  so  the crack  length  is saturated  almost  to  be
equal  to the  length of  instantaneous  brittle rangc

Li, It was  previously explained  that,  as  the  strain

rate  decreases, the  holding time  of  augmented  strain

becomes  longer, and  the  crack  length (L) exceeds

the  length  ofinstantancous  brittlc range  like thc  thick

line in the figure. Therefbre, suppJsing  welding

speed  to be  v,  the  length  of  brittle temperature  range

is proved to be (Li+vt) and  the  actual  crack  length
L  is considered  to be proportional  to (Litvt) at  lcast

in the  results  showing  such  tendency  as  A  5052  metal

in Fig. 5.

  Figs. 8 and  9 show  the  comparison  betssrcen the
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Fig, 7 ptalitative exp]anat{on  for strain  rate  dependence  of  crack  length,

explained  before is almost  experimental  curve  of  maximum  crack  length ob-
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  range  (Li+vt) in A  5052 metal.  As both curves

  seemcd  to  be  proportional  to each  other,  so  re-plotting

  by use  ofa  constant  k, it was  fbund  that  the  k(Lii' vt)

  curve  almost  agreed  with  the  experimental  curve.

    Here, the  constant  k proved less than  1, and  it con-

  cerncd  not  only  the  characteristics  of  materials  such

  as  duetility but also  augmented  strain,  strain  rate

  and  welding  variab]cs,  Therefbre,  the  actual  crack

  length se ¢ mcd  to become  smaller  than  the total length

  of  brittlc range  predicted from  (Li+vt).
    Among  thcse  factors afllecting  the  constant  k, the

  effect  of  augmentcd  strain  against  maximum  crack

  le!igth is illustrated in Fig. IO for diflerent strain  rates

  in A  5052  nietal.  In  this figurc, thc  curve  of  the

  largest strain  rate  (1) is the sarne  as in Fig. 4. This

  proved the fact that  the  maxirnum  crack  length incre-

  ased  suddenly  with  an  increasing strain  when  strain

  ratc  bccame  slower  than  the  largest one,  as  supposed.

  From  this fact, the  length of  instantaneous brittle

  range  Li in Fig. 7 may  be  regarded  approximately

  as  the  saturated  value  of  curve  (1) when  the  strain

  rate  becomes extremely  greatcr in Fig. 10.

    The  constant  k obtained  from  Fig. 10 was  plotted

ef
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in Fig, 11 against  augmented  strain.  This  figure

shows  that  the  constant  k has, for example,  such

correlation  to augmented  strain,  and  it increases

gradua]ly  with  an  increase of  strain,  and  thcn  app-

roaches  1.

3) Cornparison of  Solidification Cracking  Suscep-

   tibilitv        .

  Finally, the  test results  were  sumrnarized  in Tablc 2,
comparing  the  susceptibility  of  solidification  crack-

ing in each  aluminum  al]oy.  In  case  of  estimating

cracking  susceptibility  from  thc  saturated  value  of

maximum  crack  length Lmax, the  minimum  strain

for cracking  emin,  and  the  minimum  strain  rate

for cracking  Smin,  it turned  out  greater in order  of

A  1050, 5052, 50S3  and  2024. This  order  agreed

with  the  case  of  comparing  by BTR  and  CST  pre-
viously.  There was,  hewever, not  so  great diflerence
betwecn A  5052 and  5083 as  in comparison  by BTR

or  CST.
  It is well-known  that  A  2024  (24S) metal  is very

sensitive  to cracking9),  and  this tendency  was  shown

clearlv  in this test. In case  of  A  2024 metal,  the     tcracking
 was  also  found in the  weld  heat-affected zones.

These cracks  are  shown  in Photo. 4,

  Photo.  5 is an  appearance  of  cracking  in A  5083

rneta}.  As  indicated, the  crack  propagates through

the  boundary  of  coEumner  structure.  A  5083 metal

including  4,5 e,,b' Mg  is the  most  usefu11  as  structural

aluminum  alioy,  but in this test, its brittleness tem-

pearture range  (BTR) was  a  little more  cxtcnsive

and  so  its solidification  cracking  susceptibility  seemed

1.0

O.5

oe

eoe

5052

Do

e

 O l 2 3

              Straln  E  (eto)

Fig. I1 Relation  bctween  the  constant  k and  augmented
         .
      stram,

Phote.  4 Hcat-afftcted  zone  cracking  occurring

       in A  2024  metal.

Pheto.5  Crack  propagation  into columncr  grain
       boundaries  in A  5083  meLal.
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to be rather  stronger  than  that  of  A  5052  metal  in-
cluding  2,5 %  Mg.

  Recently, aluminum  alloys  including such  grain
rtfining  elements  as Ti, Zr and  Ti-B have been  pro-
duced  for imporving  the  weldability  of  A  5083  metal'O}.

6  Conclusions

  Using thc  Variable Tensile Strain hot cracking  test

apparatus  assembled  by way  of  trial, is examined

rnainly  the  relation  among  tensile strain,  strain  rate

and  solidification  cracking  tendency  of  weld  metals

in one  commercial  pure  aluminum  and  threc  alu-

minum  alloys.  The  main  results  are  summarized  as

foliows :

  (1) As  the  new  test apparatus  is capable  easily

and  widely  of  changing  the  tensile  strain  and  strain

rate  applied  to weld  bead during welding,  it is found
suitable  to examine  solidification  cracking  especial!y

in thin  shcet  metals.

  (2) The  criteria  oi' solidification  cracking  sus-

ceptibility  such  as  minimum  strain  for cracking  and

brittleness temperature  range  (BTR) were  obtained

from these  results  similarly  to Varestraint test.

  (3) From  the  relation  between strain  rate  and

crack  length, it was  found that  a threshold  value  of

strain  ratc  for cracking  existed  and  the  crack  length
decreascd frorn peak value  and  approached  a  satura-

ted  value  as  the  strain  rate  becomes faster.

  (4) Comparing  the  test materia]s,  it may  be
ascertained  that  solidification  cracking  is more  liable

to appear  in order  of  A  2024, 5083, 5052 and  1050

metals.
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