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ABSTRACT 

Studies of material and a r c  e f fec ts  on penetration in GTA welding a re  

summarized and the resulting conclusions given. Metal flow in the 
I 

weld pool , the apparent control mechanism, i s  described as havin$ two . 

basically different patterns which lead to the observed fusion zone 

' shapes. Experimental evidence f o r  these patterns and the i r  '1 i kely 

mode of ' interact ion with the arc are also presented. . . 



I n  seeking the cause.of problems encountered i n  making deep pene t ra t i on  

GTA welds i n  h igh  manganese s t a i n l e s s  s tee l  (21 Cr-6Ni -9Mn), temperature 

p r o f i l e s  i n  the  arc plasma immediately above the  weld pool (Manganese 

vapor dominated) f o r  i d e n t i c a l  a rc  parameters and d i f f e r e n t  'heats o f  

s tee l  were measured. These measured p r o f i l e s  were then simulat'ed by 

a computer s o l u t i o n  t o  the  r a d i a t i o n  equat ions us ing  assumed r a d i a l  

temperature a n d  vapor d e n s i t y  d i s t r i b u t i o n s  . The resu l  t s  o f  these 

measurements and c a l c u l a t i o n s  showed t h a t  t h e  temperature d i s t r i b u t i o n s  
. .  ! 

( cu r re " t  dens i t y  d i  s t r i  bu t i ons )  were essential l y  t h e  same even though 

the  depth- to-width r a t i o n s  (D/W) of t h e  f u s i o n  zones i n  t he  d i f f e r e n t  

heats o f  s tee l  var ied  by a f a c t o r  of 1.8. There were no d e f i n P t i v e  

v a r i a t i o n s  i n  heat f low w i t h i n  the  a rc  which r e l a t e d  c o n s i s t e n t l y  t o  the  
. . 

changes i n  D/W. . . 

". . . - .  . . . - . . . . . . . . .. - * .  . . 

~ o o k i n ~  a t  o ther  in f luences on D/W, t h e  e f f e c t '  o f  helium on welding 

arcs was considered. T y p i c a l l y ,  hel ium i s  added t o  argon s h i e l d i n g  ' . 

gas t o  ob ta in  an increase i n  weld pene t ra t i on  w i thou t  t he  increase 

i n  weld w id th  u s u a l l y  obtai'ned w i t h  an increase i .n weld cur ren t .  Th i s  
- 

suggests some s u b t l e  e f fec t  of increased energy o r  a sharpening o f  

t he  energy ( cu r ren t )  dens i t y  ' i n  t h e  arc.  Therefore, c u r r e n t  .dens i ty  

d i s t r i b u t i o n  measurements were made i n  a rcs  on a c h i l l e d  copper block 

(no molten pool ) and the  r e s u l t s  i nd i ca ted  t h a t  t he  .cur ren t '  dens9 ty  . .,. . - . .- - .  

- 
d i s t r i b u t i o n  i s  s l i g h t l y . b r o a d e r  ( l e s s  heat concentrat ion)  i n  a 

' 



50%He-50%Ar a r c  than  i n  a  100% Ar a rc .  T h i s  i s  c o r k r a d i c t o r y  t o  t h e  

weld behavior  and suggests t h a t  heat  f l o w  d i s t r i b u t i o n  i n  t h e  a r c  does . . 
I 

. . I 
n o t  have p r imary  i n f l u e n c e  on D/W. 

To g e t  a  broader base o f  i n f o r m a t i o n  on GTA weld ing  behavior ,  an 

extended s e r i e s  of  welds was made on r o t a t i n g  s t a i n l e s s ~ s t e e l  bars  

us ing  a r e p r e s e n t a t i v e  range o f  a r c  l eng th ,  c u r r e n t  and gas m i x t u r e  
. . 

values. From these welds, . va lues  o f  f u s i o n  zone w i d t h  and a rea  were 
' 

I,- 
' determined f o r  each s e t  o f  parameters. Then, a  computer was used t o  

c a l c u l a t e  t h e  heat  i n p u t  and "a rc  w id th "  r e q u i r e d  t o  d u p l i c a t e  t h e  

exper imental  f u s i o n  zone areas and widths.  Compi1atio.n o f  these  da ta  . . 
I 
I 

revea led  t h a t  t h e  heat  i n p u t  w id ths  determined f r om the c a l c u l a t i o n s  

I d i d  n o t  c o r r e l a t e  w i t h  exper imenta l  va lues o f  c u r r e n t  d e n s i t y  f u l l  - w i d t h  

half-maximum (FWHM) . More s i g n i f i c a n t l y ,  t h e  l a r g e r  va lues  o f  D/W 

cou ld  n o t  be accounted f o r  'by d i f f u s i v e  heat  conduc t ion  alone. ~ u r t h e r  

d e t a i l s  and r e s u l t s  of  these  i n v e s t i g a t i o n s  may be found e l  sewhere 1,2,3. 

The conc lus ions drawn f rom a l l  o f  t h e  work d iscussed so f a r  a r e  t h a t '  ' 

weld f u s i o n  zone shape (D/W) does n o t  c o r r e l a t e  w i t h  t h e  energy 1 I 

d i s t r i b u t i o n  i n  t h e  a r c ,  t h e  d i f f e r e n c e s  i n  heat  f,low which y i e l d  I 
c i 

va r ious  D/W1s must occur i n  ' t he  weld poo l ,  and the arc hds & secondary I 
e f f e c t  on D/W. ,I 

I 



PENETRATION CONTROL bIECHANISM 

Having drawn the conclusions j u s t  mentioned, t h e '  f o l  low ing quest ion  ' 
. 

- became most pe r t i nen t :  How does the  arc (and o ther  f a c t o r s  such as 

ma te r ia l  p rope r t i es )  i n f l uence  the  f l o w  of heat i n  the weld pool and 

what a re  t h e  fundamental d i f f e rences  t h a t  r e s u l t  i n  h igh  o r  low . I 
penet ra t ion  welds? The rr;echani.sm which fit a l l  o f  the welding r e s u l t s : .  

obtained t o  date was " i nve r ted  convect ion" d r i v e n  by t h e  f l o w  o f  weld I 
currrlr?t thrnlrgh t h e  l i q l ~ i r l  meta l .  Current f l ow ing  i n t o  the  weld pool' 

' 

exer ts  a  (Lorentz)  force d i s t r i b u t i o n  on the  l i q u i d  metal w h i c h i s  . . 

the ,analog o f  the fo rce  exerted by the  acce lera t ion  o f  g r a v i t y  a c t i n g  

on a  thermal ly  induced dens i t y  g rad ien t  i n  a  f l u i d  (normal convection).. I 
under proper cond i t ions ,  t h i s  force' on the weld pool w i  11 induce a 

- 

c i r c u l a t i o n .  o f  metal downward a t  the  center  and r a d i a l l y  inward a t  1 
the  sur face w i t h  outward f low a t  the  bottom completing a'  s t a b l e  convect ion : I..-. 
c e l l  (F igure 1) .  Th'e f low of metal 'enhances the  f l o w  of heat t o  t he  

. i 
per imeter  o f  the  pool and produces a  r e l a t i v e l y  broad, shal low weld. 

. With such a .c'onvection.analogy i n  mind, the  e f f e c t s  o f  the-arc  c u r r e n t  

dens i t y  d ' i s t r i b t u i o n  could be understood. If the d i s t r i b u t i o n  was I 
narrow (argon arc )  r a t h e r  than broad (he1 ium-argon a rc ) ,  convect ion 

was more 1 i kely;  j u s t  as i n  heat ing  a  beaker .of water w i t h  a  c o n s t r i c t e d  

(F igure  2) r a t h e r  than broad (F igure  3 ) '  heat source. I n  the  case o f  
- .. , 

.-. 
a  welding a rc ,  another phenomenon enters which expla ins the  excep t i ona l l y  

deep, narrow. fus ion zones., Instead of a  s t rong t ransverse f l  ow developing 



as above, a  predominant ly front-to-back f low can occur i n  which heat 

i s  c a r r i e d  down b y ' t h e  metal f l o w  a t  t he  a r c  center  b u t  i s  he ld  near 

the weld c e n t e r l i n e  as the  metal f lows backward and then t o  the .  sur face 

a t  the rea r  o f  t he  weld pool (F igure  4 ) .  This  f low develops i f  t h e  

convection f l o w  i s  suppressed by a  broad c u r r e n t  dens i t y  d i s t r i  but ' ion 

o r  surface fo rces  which r e s t r a l n  spreading o f  the l i q u i d  metal.  

EXPERIMENTAL CORROBORATION 

Flow pat te rns  such as these. have-been suggested, simulated and ( i n  the  

second case) observed by o ther  4-8, bu t  a  c l e a r  d i r e c t  observat ion o f  

the  v e r t i c a l  convect ion c e l l  i n  a  weld poql seems u s u a l l y  t o  be masked 

by s i n g l e  o r  double s w i r l i n g  f lows i n  the  ho r i zon ta l  plane. During t h e  

'course of t h i  s  present  research, i n d i r e c t  evidence o f  v e r t i c a l  convect ion 

,, f low, poss ib ly  superimposed o'n the  s w i r l i n g  flow, and the  f ron t - to -back  . .  . . 

f l ow was obtained i n  the  case o f  t he  h igh  manganese s t a i n l e s s  s t e e l s  . . 

d e a l t  w i t h  e a r l  i e r .  The sur faces o f  weld pool s  were observed w i  t h . a  

video camera (and recorder )  through a  narrow band o p t i c a l  f i . l t e r  which 

s ing led  ou t  manganese c h a r a c t e r i s t i c ~ e m i s s i o n  l i g h t  whose i n t e n s i t y  

depended on plasma temperature and manganese vapcr dens i ty .  The phys ica l  

s e t  up o f  camera, t o rdh  and . r o t a t i n g  bar i s  shown i n  F igure 5 .  For welds 

o f  in termediate t o  poor D/W, a  r i n g  of l i g h t  concent r ic  w i t h  t h e  a rc  

center  appeared (F igure 6 ) .  For welds o f  h igh  D/W, a  plume of 1  i g h t  was 
-. . . -. . . 

emi t ted behind the  arc center  and t h e r e  was no r i n g  (F igure  7) .  These. . 

areas o f  enhanced. l ight  emission r e s u l t e d  from l o c a l  increases i n  manganese 



132 
vapor density caused by the surfacing. of manganese-rich metal. The 

ring o'f 1 ight  suggested strong convective f l o w  which spread heat t rans-  

versely and gave a weld of low D/W.; the  plume behind the arc  center ; - 
1 

corresponded t o  the  fro$to-back flow t h a t  increased the  D/W over t h a t  

expected on t he ' ba s i s  of thermal diffusion alone. While these varied I 
dis t r ibut ions  of manganese vapor imed ' ia te ly  above the  weld pool . I. 
gave an indication of increased.surface temperatures and r i s ing  . . I 
manganese-rich 1 iquid metal, in' agreement with thet  proposed f 1 ow I 

I .  - 
patterns,  d i r ec t  indicat ion of the  1 iquid metal flow wnl~ld he more . . 

sat is fying.  . . . . 

~ o n c e ~ t u a l l ~ ,  the flow could 'be revealed by a s e r i e s  of welds which' . 

were terminated a t  varying in tervals  a f t e r  a dopant had been'introduced 

to  the weld pool. various dopants, such a s  gold and tungsten powder 1 
which could be located by rad.iography plus a pal 1 adium-col bal t a1 loy 
. . . . . .  . . . . . . . . . . - 
which could be located by sectioning and chemical etching,  were t r i ed .  . ' . 

The l a t t e r  proved t o  be most sa t i s fac tory  but a basic f a u l t  in the 

scheme developed as shown in Figure 0. The dark. s t reaks  in t h i s  I 
I 

longitudinal sec t ion .of  a .150 amp weld i n  304 s t a in l e s s  steel ,  depic t  1 
., 

the progress' of the dopant during the  approximate.ly 0.2 second interval  

and c lea r ly  shown i n  Figure 9. 

. between i'ntroduction of the  Pd/Co dopant and freezing of the weld pool .' , I  
As the d o p a n t  prevaded almost the  eni t i e ,  weld pool during the shor tes t  

interval  possible,  the  technique WAS c l ea r ly  not sa t i s fac tory .  The 
. .- - . - . - . . . . , . . . , .- . . - . - .- - - - . . - . 

rapid mixing was evidently due t o  the swirling motion mentioned e a r l i e r  
, - 

. . -. 



The speed of mix ing  i n  t he  weld pool was shown even more emphat ica l l y  
. . 

by a  rea l - t ime  video record ing  o f  t he  mix ing o f  gold dopant i n  a  

s i m i l a r  weld. An x-ray image i n t e n s i f i e r  system, made ava ' i lab le  by 

the  Los Alamos S c i e n t i f i c  ~ a b o r a t o r ~ ,  was .used t o  look through the  

weld pool as the  go ld  was in t roduced.  Counting video frames o f  t he  

record ing made ind i ca ted  t h a t  t h e  mix ing  took p lace approximately 0.1 

second. . . I 

,- ' . .  . . 

CONCLUSIONS ' 

The seemingly anomalous v a r i a t i o n s  i n  fus ion  zone shape (D/W) r e l a t i v e  . 

t o  the cu r ren t  dens i t y  d i s t r i b u t i o n s  i n  welding arcs a r e  expla ined . ' . 

by the  l i q u i d  metal f l o w  pa t te rns  i n  the weld pools. Two d i s t i n c t  

pa t te rns  proposed account f o r  t he  extremes i n  D/W observed and . g u a l i t a t i v e  

experirnen.ta1 data support t he  ex is tence o f  these two f l o w  pa t te rns  
. -  . . 

i n  welds having the  corresponding D/W1s. A mode of i n t e r a c t i o n  

analogous t o  thermal convect ion exp la ins  how the  welding a r c  i n f l uences  

metal f l o w  and the re fo re  has a  second-order e f f e c t  on D/W. B e t t e r  

knowledge o f  l i q u i d  metal f l u i d  p rope r t i es  and. f l o w  pa t te rns  would 

he lp  t o  exp la in  t h e . e f f e c t s  of s u b t l e  ma te r i a l  p roper ty  changes on . .  . 

weld penet ra t fon  and i s  l i k e l y  necessary f o r  understanding t h e  d e t a i i s  : 

of s o l i d i f i c a t i o n  phenomena. . 
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FIGURE CAPTIONS 

. Figure 1  - schematic o f  t he  c u r r e n t  f low (sol i d  l i n e s )  and l i q u i d  m e t a l  :.. 

f low (dashed 1  ines)  as seen i n  a t ransverse (perpendicular to . ' .  
. . 

the  welding d i r e c t i o n )  

Figure 2 - I l l u s t r a t i o n  o f  the  convect ion f low which r e s u l t s  from a  

c o n s t r i c t e d  heat i n p u t  t o  a  bealcer o f  water and the  analogous 

welding s i t u a t i o n .  Note t h a t  t he  i n k  r i s e s  above the  heat 
. . 

source i n  a  'we l l  def ined column and s inks  ou ts ide  the diameter t : : : .  .:'..I 
.. . ,  - . - . .  , . > , . i.., 

.. ' . . . , ; . ;;.:;. \ . . .  
o f  t he  copper~heat .conductor .  :,. -.- 1. 

- 
~ l g u r k  3 - 11 l u s t r a t i o n  o f  the  absence of convect ion i n  t he  case o f  i 

. . broad heat source and the analogous welding s i t u a t i o n .  Note 
I 

t h a t  t he re  i s  on l y  random s t i r r i n g  o f  ' t h e  i n k  and no o v e r a l l  I 
c i r c u l a t i o n .  I 

Figure 4 - Schematic of the  c u r r e n t  f low ( s o l i d  l i n e s )  and l i q u i d  metal 

Figures 8 and 9. 

f l o w  (dashed l i n e s )  as seen i n  a  l o n g i t u d i a n l  , s e c t i o n  o f ' a  weld I 

Figure 6 - Photograph o f  a  s i n g l e  video frame from a  record ing  o f  
. . .  

pool e x h i b i t i n g  f ron t - to -back  f low.  Enhancesweld , :  .. . . . -  . . . -. . -- . . . . . . ... . 

F igure 5 - Schematic o f  the  video camera and weld setup used t o  make t h e  

manganese c h a r a c t e r i s t i c  emission l i g h t  images shown . i n  

manganese c h a r a c t e r i s t i c  1  i g h t  emi ss ion  above t h e  weld pool 
1 
I 

- 

o f  a  100 amp arc  on low DLW s t a i n l e s s  s t e e l .  The e lec t rode  

t i p  i s  v i s i b l e  a t  t h e  top  and the  l ead ing  edge o f  .the weld 

pool i s  v i s i b l e  a t  t he  bottom. The b lack d o t  i s  a reference -. - - ... - - . - 
. . - 

.mark on the  v id i con  face used i n  ob ta in ing  q u a n t i t a t i v e  data. 



Figure 7 - Photographs' of two 'v ideo frames from a record ing  o f  manganese 

c h a r a c t e r i s t i c  l i g h t  emission above the  weld pool o f  a  100 amp i 
. I  

arc  on h igh  D/W s t a i n l e s s  s tee l .  The two views i n d i c a t e  t h e  I 
ex ten t  of random o s c i a l l a t i o n  from s ide t o  s ide  o f  the  plume 

.as j t t r a i l s  ou t  h o r i z o n t a l l y  over the  back o f  t he  wel'd pool .  
. . 
F igure 8 - ~ r a n s v e r s e  sec t i on  o f  a  150 ampere weld i n  304 s t a i n l e s s  s t e e l .  

. Dark st reaks i n  the weld pool sho,w the ex ten t  ' o f  mix ing  o f  . 

t h e  Pd/Co dopant i n  approximately 0.2 second. Magn i f i ca t i on  i s  l o x .  
. - 

F igure 9 - Planar sec t i on  of a  150 ampere weld i n  304 s t a i n l e s s .  s t e e l .  1 -  
Chemical l y  s ta ined Pd/Co dopant c l  e a r l y  revea l  s  r o t a t i o n a l  

motion i n . t h e  ho r i zon ta l  plane. Magn i f i ca t i on  . i s  l o x .  














