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Features in Weld  Solidification
High  Purity Aluminum  SheetStructureof
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                                   Abstract

   th  growth mede  of the subgrains  and  the pr(forred orientatio,t  have been investigated with  the tuetd  metai  qf high Pttrity
atuminum  sheets,

   The columnar  crystats  grotv qmprQximately Paraltel to the direetion of the maximum  temperature gradient as inLvard groua/th

Preceects. 71ee szabgrains  observed  in the columnar  clystais  ftave iio eas'  grewth directien and  also  grotv Parallel to the direc-

tion of the maximum  temperatut'e  gradient. .4dbreever, a  contPetitive  growth Leas  observed  near  the center  in the uietd  metal,

1. Introduction

  As alrcady  made  clear  the  subgrains  which  are

dcveloped in an  aluminum  weld  metal  grow  in the

direction of  <100>i'2'. This direction is called  the

easy  growth  direction3}. Howcvcr,  when  the  difller-
ence  between the  direction of  the  maximum  tempera-

ture  gradientand the  direction of  <100> of  a  specimen

is large, the  subgrains  are  compelled  to grow  in the
direction near  the  direction of  the maximum  tempera-

ture gradient"2), This  phenomenon  is promincnt
when  the  purity ofa  material  increases2). For exam-

ple, it was  observed  that  in 99.93%-aluminum  the

growth  dlrection of  the subgrains  shifted  from the

direction of<100>  to the  direction of  the  maximum

temperature  a  gradient  little (about ten  degrees) when

the  angular  difllerence was  large.

  In  this report  investigations wcrc  made  on  the  growth
mode  of  the  subgrains  and  preferred orientation  in the
columnar  crystal  zDne  in the weld  rnetal  of  high purity
aluminum  sheets.

2. Material  Used  and  Experimental  Method

  The  material  used  in this investigation is a  99.96Y,'.' -

aluminum  1 mm  thick  sheet.  Chemical  composition

of  the  material  is tabulated  in Table  1.

 Table  1 Chemical  compositien  ofthe  material  used  (wt O.)
                       '

    Cu  
Si

 / 
Fe

 / Al
           '
    O,O04 i O.O14  O.020 99.96
           1 t

  Experimental  methods  are  as  fo11ows;

(1) Study on  the  growth  direction of  subgrains

  It is desirable to  usc  specimens  with  coarse  grains to
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study  the  growth  direction of  the  subgrains  because of

the  easiness  of  the  microscopic  observation  and  X-ray
diffraction analysis,  Hencc,  the  specimcns  in which

the  grains had been coarsened  to 2 to 3 cm  in diameter

were  prepared  by annealing  the  material  (li2 H)  as

received  for 20 hours  at  the  temperature  of  6500C.

  The  bead-on-plate and  spot  weldings  were  perform-
ed  with  GTA.  Thc  welding  conditions  were  as  follows;
welding  current:  45A,  arc  voltage:  19V  and  welding

speed:  250 mm!min.  The  widths  of  the  weld  metal

in the  top  and  back sides  were  almost  the  same  and

therefore  the  heat flow was  considered  to be two-

dimensional,

  After the  welding,  the  solidification  structurcs  wcrc

observed  with  the  optical  microscopc  and  the  orienta-

tions  of  the  specimens  wcre  determined  by the  back
reflectien  Laue  technique.  The  diameter of  the  slit

used  was  1 mm.  Thus  the  investigation was  made  on

the  relation  between the  growth  direction of  the  sub-

grains and  the  direction ot' the  maximum  temperature

gradient at  solidification  interface.

<2) Study  on  the  preferred orientation  in the  columnar

    crystal  zonc

  In  examining  the  prcferred erientation  in the  colum-

nar  crvstal  zone  a  material  as  received  was  used.  The     'welding
 speeds  were  250 and  1250mm/min.  The

shape  ef  the  molten  pools was  elliptical  in the  former
and  tear drop in the  latter. The  welding  direction

was  parallel to the  rolling  direction.

  Orientations of  arbitrary  fifteen columnar  crystals

ssrcrc  determined  bv  thc  back reflection  Laue  method                '
at  the  lecations of]=O,  50 and  80%  in the  wcld  metal

for the  welds  of  250 mm,/min  welding  spced  and  ofJ;=

O, 50 and  90%  for the  welds  of  1250  mm!min  welding

speed.  Here,  the  parameter  )' is a  non-dirnensional

representation  of  the location in the  weld  metal,  and
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J-09,6 andJ=100%  rcprescnt  the  fusion boundary
and  the  eenter  of  the  weld  metal,  respectively,  The

diametereftheslitusedwasO.1 rnm,  Eachorientation
was  represented  in terms  of(200)  pole figure. Bcsides,

the  direction of  the  rnaximum  tempcrature  gradicnt at
each  position was  measured  from  the  inclination of  the

puddle  locus.

  Moreover,  an  investigation was  made  on  the  rela-

tion  between the  preferred orientation  observed  in thc
columnar  crystal  zone  and  the number  of  crystals  in

the  weld  metal.  Thc  fact that  the  prcfcrrcd orienta-

tion  is observed  in the  weld  metal  shows  that  a  com-

petitive growth  occurs  near  the fusion boundary  and

consequently  the  number  of  columnar  crystals  de-
creases  as  inward  growth proceeds2]. The  number  of

columnar  crystals,  n,  which  existed  in the  length of

about  20 mm,  l, parallel to the welding  direction was

counted.  Then  the  number  of  celumnar  crystals  per
unit  length was  calculated  by dividing n  by l.

3. Experimental  Results  and  Discussions

3,1 Groze/th Direction ofSubgrains
  Fig. 1 is a  diagram ef  stereographic  projection of  a

single  crystal  which  was  wclded  with  GTA  spot.  As
seen  from  Fjg. 1, thc  specimen  surface  is nearly  parallel

W-

N1

-E

                 1
                 s

Fig, l Stcreographic prpjection ofasinglc  crystal

     weldcd  with  GTA  spot

to  the  plane of  (OOI).
  Accordingly, the  subgrains  developed in the  weld

metal  would  grow  parallel to the  direction of  each

<100> if thc  99.96?,,6-aluminum  has an  easy  growth
direction of<1OO>.
  Photo.  1 shows  the  microstructure  of  a  weld  nugget

whose  orientation  is shown  in Fig. 1. Each  stripc  in
the  nugget  observed  in Photo, 1 represents  the  growth
direction of  the  subgrains,  that  is, the  subgrains  de-

vclopcd  in the  weld  metal  of  99.96{l･tt-aluminum grow
centripetally  to the  center  of  thc  weld  nugget.  This

phenomenon  is quitc diflbrent from the phenomena
observed  in 99.93%  and  commercially  pure aluminum

Photo.1  )vtacrostructure ofwcld  nugget  ofa  sing!e  cr},stal

  whe$e  orientation  is shDwn  in Fig, 1

Photo. 2An  example  ef  microstructures  in
shewn  in Pheto.  I{x  6e)

weldnugget

sheetsi'2i].  A  typical  examplc  of  microstructures  in thc
weld  nugget  is shown  in Photo. 2. 0ther stripe  pat-
terns  observed  vertically  in Photo,  2 are  puddle iso-

therms.  Hcnce, the  direction of  the  maximum  tem-

perature  gradiient is right  and  correspends  to  the
          

--
directionofWE  inFig. I. Althoughtheanglcbetween

the  direction of  the  maximum  temperature  gradient
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and  the  direction of  [IOO] reached  the  value  of  about

30 degrees as  seen  in Fig, 1, the  subgrains  were  observed

to grow  nearly  parallel to the  direction ofthe  maximum

temperature  gradient.

  The  erientation  and  microstructures  of  a  singlc

crystal  which  was  bead-on-plate  welded  at  the  spced

of  250 mm/min  are  shown  in Fig. 2 and  Photo.  3,
respectively.  Photo. 3(a), (b) and  (c) show  the  micro-

structures  near  the fusion boundary, in thc  interme-
diate location between  the fusion boundary  and  the

center  of  the  weld  metal,  and  near  the  ccnter  of  the

weld  metal,  respectively,  At the  welding  speed  of

W-

NT

-E

                    l
                    s

    WELDING  DIRECTION
   -Fig.

 2 Stereographic  projectionofa  single  crystaL  welded

      with  GTA  at  the  weld{ng  speed  of250  mmirnin

250  mmfmin  the  direction of  thc  maximum  tempera-

ture  gradient  is normal  to the  welding  direction near

the  fusion boundary  and  gradually inclines to  the

welding  direction as  inward  growth  proceeds  and  fi-
nally  is parallel to the  welding  direction in the  center

of  the  weld  metal,  As seen  in Photo.  3, thc growth
direction of  the  subgrains  is approximately  parallel to
the  direction of  the  maxirnum  temperature  gradient
dcscribed  in the  above.  Consequently, it is concluded
that  in 99.96%-aluminum  the  subgrains  have no  easy

growth  direction which  is observed  in 99,93%-  and

commercially  pure aluminum"2),  and  grow  approxi

mately  parallel to the  direction of  the  maximum  tem-

perature gradient,
  Besides, as  seen  in Photo.  1 and  Photo.  3 no  stray

crysta12'3)  was  observed  in 99.96g;-alurninum  even

whcn  the  angular  difference betwcen <100> and

the  direction of  the maximum  temperature  gradient
was  so  large. It is concluded,  thcrcfore,  that  it be-
comcs  much  diMcult for strav  crvsta]s  to  be formed  in

the weld  metal  when  the  pilritS, of  the material  in-

creases.

3.2 Prefbrred Orientation in Columnar Cv,stat Zone

  Photo.  4  shows  the  macrostructure  of  99.969,b'-

aluminurn  which  was  bead-on-plate welded  at  the

welding  speed  of  250  mm/min.  The  columnar  crys-

tals grow  approximately  parallel to the  direction of  the

maximum  temperature  gradient  and  consequently

grain boundaries  of  the  columnar  crystals  bend  in the

welding  direction as  inward growth  procccds.

  An  example  of  microstructures  is shown  in Photo. 5.
As  seen  in Photo. 5 the  grain bbundaries of  the  colum-

nar  cr>,staLs  arc  nearly  paraliel to the  direction of  the

subgrains  u,n' ich are  obseryed  in the  columnar  crystals.

    (a) (b) (c)

Photo. 3 Microstructures  in the  wcld  mctal  oi'  a  single  crystal  whose  orientation  is shewn  in Fig. 2 ( x  6e)
      (a) Near  the  fusion boundary

      (b} In the  intermediate  location bctween  the  fusion boundary  and  thc  center  of  the  weld  metal

      (c) Near  the center  ofthe  weld  mctal
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Photo.  4Macrostructure  of  the weld  metal  at  the welding  speed  of  250 rnmlmin

Photo. 5 Micrestructure in the  weld  metal  at  the  welding

        speed  of  250  mm/min  ( × 60)

In the  weld  metal  of  the  commercially  pure aluminum
sheets  which  were  welded  at  a  low  welding  speed  the

grain boundaries of  the  columnar  crystals  were  nearly

straight2).  In this  case  thc  subgrains  grew  approxi-

mately  in the  direction of  <IOO>. From  these  re-

sults,  it is concluded  that  the  mode  of  the  grain bound-

aries  of  the  columnar  crystals  is related  closely  to  the

growth  direction of  the subgrains  in the  columnar

crystals.

Photo. 6 Macrostructure  ef  the  weld  metal  at  the  welding

        spccd  ol' 1250 mmfmin

  Photo.  6 shows  the  macrostructure  of  the  weld  metal

which  was  bead-on-plate  welded  at  the  welding  speed

of  1250mmlmin.  At  the  high welding  specd  the

molten  pool  is tear-drop  shaped  and  hence the colum-

nar  crystals  grow  straightly  to the  center  of  the  weld

metal.  Accordingly,thecolumnarcrystalswhichgrow
from  both fusion boundaries in Photo,  6  meet  with

each  other  in the  center  of  the  weld  rnetal.  At the

location which  is very  close  to the  center  of  the weld

metal  thc  subgrains  curvc  abruptly  as  shown  in Photo.

7 because the  direction of  the  maximum  temperature

gradient  becomes parallel to the  welding  direction in

(46)
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   Pheto.  7 Micrestructure ncar  the  center  ofthe  weld  metal

          at  the  welding  speed  of  1250  rnmtmin  (×  100)

the  center  of  the weld  metal.

  Next, an  investigation was  made  on  the  preferred

orientation  in the  columnar  crystal  zonc.  Fig.  3(a),

(b) and  {c) are  pole figures at  the  locations of?=O,

50  and  80e,6 ofthe  weld  metal  which  was  welded  at  the

welding  speed  of250  mm/min,  respectively.  The  pro-

jection plane  is ･parallel to the  specimen  surface.  An

arrow  ne  represents  the  direction of  the maximum  tem-

perature gradient at  each  location.

  In  Fig. 3(a) the  distribution ef  poles of  (200) is not

random.  This would  be due  to the phenomenen  that

thc  base  metal  near  the fusion beundary  was  infiu-

enced  by the  weld  thermal  cycle  and  the  rolling  texture

ofthe  base metal  considerably  changed.  In Fig, 3(b),
however,  the  poles of  (200) distribute randomly.  Ac-

cordingly,  it is considered  that  a  competitive  growth

does not  occur  as  far as  the  location ofy=:50%,  On

the  other  hand,  Fig. 3(c) shows  that  the  [100] fiber

texture is developed and  a  symbol  F.A, stands  for thc

fiber axis.  As seen  in Fig. 3(c) the fiber axis  is ap-

proximately  parallel tD  the  direction of  the  maximum

temperaturegradient.  Thatis,thecompetitivegrowth

is completed  near  the  location of]  
==80%,

  Fig. 4(a), (b) and  (c) arc  (200) pole figures at  the

locations ofy=O,  50 and  909,i, of  the  weld  metal  which

was  welded  at  the  welding  speed  of  1250rnmlmin,

respectively.  That  Fig. tl(a),
 which  shows  the pole

figure at  the  fusion boundary, is diflerent from Fig.

3(a) would  be due  te the  diflerence in the  weld  thermal

cycle,  As  seen  in Fig. 4 the competitive  growth                                           does

not  occur  either  as  far as  the  Iocation ofs=509!..  The

[100] fiber texture, however,  is devcloped at  the  loca-

tion  ofJ=90%,

  Fig. 5 shows  thc relation  between the  parameter]

and  the number  of  columnar  crystals  per  unit  length

parallel to  the  welding  direction. The  number  of

columnar  crystals  is almost  the  same  up  to J=40%

and  after  that  it begins to decrease  slightly.  That  is,

a  competitive  growth  occurs  at  the  location where  1  
is

larger than  about  40eia, The  phenomenon  that  a

competitive  growth is observed  in 99.969,,3-aluminum
is also  clear  from the observation  of  the  macrostructures

in Photo. 4 and  Photo.  6, in which  some  columnar

crystals  developed from the  fusion boundary  disappear

at  the location near  40  to 50%  or  more.

  As the  additional  consideration,  the  extent  of  the

constitutional  supercooling  zone  increases generally as

the  growth  proceeds from the  fusion boundary  to  the

center  of  the  weld  metal`'5).  Accordingly,  it is con-

sidered  that  a  competitive  growth would  not  occur  in

 the  case  of  the  cellular  solidification  interface with  a

 small  extent  of  the  constitutional  supercooling  zone

 but  would  occur  in the  case  of  the  cellular  interface

 with  a  large extent  of  the  constitutional  supercooling

zonc.
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ures  of  thc  celumnar  crystal  zone  in the  weld  metal  at  the  wclding  speed  of  250 mmYmin
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Fig. 5. Relation between  the  number  ofcolumnar  crystals

       per  unlt  length and  the  parameter.1'

4. Conclusions

  Investigations ",cre  made  on  the  growth mode  ef

the  subgrains  and  the  preferred orientatien  in the

columnar  crystal  zone  in the  weld  metal  of  high purity
aluminum  sheets,  The  conclusions  obtained  are  as

fo11ows;

(1) In the  ",cld  metal  of  99.96%-aluminum  sheets

the subgrains  had  no  easy  growth  direction and  they

grew approximately  parallel to the  direction of  the

-E w-

EA.

           

,,

 gi ･,

                   WELDiNG  DIRECTION                   N

) Cc)
the  weld  metal  at  the  welding  speed  ot' 1250  rnmimin

maximum  temperature  gradient.
(2) At the low welding  speed  the  growth
thc  columnar  crystals  was  normal  to the

direction near  the  fusion boundary  and

changed  to parallel to the  wclding  direction as
growth  proceeded,
(3) At the  high welding  speed  the  columnar

grew straightly  and  approxlmately  normal  to

ing direction.

(4) A  competitive  growth  was  obscrved

center  of  the  weld  metal  and  the  fiber texture
fibcr axis  of  r100] was  observed  in the colurnnar

zone.
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  crystals
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