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Metal transfer phenomena in high current GMA welding with several kinds shielding gas have been systemetically investigated with high-
speed cinecamera Typical transfer modes are classified into four types, depending on the welding current : globular transfer, axial spray 
transfer, swinging spray transfer, and rotating spray transffer. The dependence of the transfer mode as welding current can be explained 
by the instability melted electrode using numerical modeling based on M H D theory 

INTRODUCTION 

The high current GMA welding 
process is usually carried out us-
ing shielding gas of three or four-
part gas mixture of Ar, He, COz 

and 02'>. This process contributes 
to the improvement of welding ef-
ficiency by permitting to obtain a 
stable arc in high current region 
f rom 400 to 600A2). However, 
there have been only a few infor-
mation about metal transfer phe-
nomena in high current region, 
and so the role of gases constitut-
ing the shielding has not been un-
derstood well. 

In the present inves t iga t ion , 
therefore, we have observed sys-
tematical ly metal transfer phe-
nomena in high current GMA 
welding with several k inds of 
shielding gas in order to under-
stand the effects of shielding gas 
composition on the metal trans-
fer. 

Experimental Procedure 

Experimental setup for observing 
the metal transfer phenomena 
during GMA welding is schemati-
cally shown in Fig. 1. The metal 

transfer phenomena was recorded 
dynamical ly with a high-speed 
cinecamera (6000 frame.sec). A 
xenon lamp was used as back-
light for the arc. The base metal 
was a mild steel platge (500' x 
75w x -6' mm). The welding wire 
was mild steel wire of 1.2 mm di-
ameter, JIS YCW-1. -The shield-
ing gas was Ar, He, Ar + C02 , 
Ar+He and Ar+He+Oz, Mixture ra-
t ios of the sh ie ld ing gas are 
shown in Table 1. 

Welding conditions are tabulated 
in Table 2. A schematic diagram 
of torch structure is shown in 
Fig.2. 

Experimental Results and 
Discussion 

Ar+C02 gas mixture for 
shielding 

W h e n Ar+CO z gas mix ture is 
used for shielding, metal transfer 
modes are roughly classified into 
four types as schematically illus-
trated in Fig.3 : globular transfer, 
ax ia l spray t ransfer , swinging 
spray transfer and rotating spray 
transfer. 

The globular t ransfer mode is 
characterized by the droplet di-
ameter larger than the wire diam-

Fig 1 : Schematic diagram of experimental setup 
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Table 1 : Mixturer ratio of shielding gas. 

(a) Ar+C02 

Ar(%) 100 95 90 80 75 70 60 
C02(%) 0 5 10 20 25 30 40 

(b) Ar + He 

Ar(%) 100 90 70 50 40 30 20 10 0 
He(%) 0 10 30 50 60 70 80 90 100 

(c) Ar+He+02 

Ar(%) 89 85 
He(%) 10 10 
02(%) 1 5 

Table 2. Welding conditions 

Wire fees rate 
Extension length 
Arc length 
Welding current 
Welding speed 

max 33 m/min 
25 mm 
6 mm 
150-600 A 
40 cm / min 

Fig 2 : Schematic diagram of 
torch structure 

eter. This mode is fur ther c lassi-
f i e d in to two t y p e s , i .e . , d r o p 
t ransfer and repel led t ransfer as 
shown in Fig. 3 

On the other hand, spray t ransfer , 
which is the general te rm for ax ia l 
sp ray t r ans fe r , s w i n g i n g s p r a y 
transfer, and rotat ing spray t rans-
fer. is character ized by the drop-
let d iameter smal ler than the wi re 
d iameter . 

The axia l spray t rans fe r is the 
mode in which the droplet d i rect ly 
t ransfers to the base metal . Th is 

m o d e is f u r t h e r c l a s s i f i e d in to 
three types : pro jected t ransfer , 
s t r eam ing t rans fe r and repe l led 
spray t ransfer 

The rotat ing spray t ransfer is the 
m o d e in w h i c h the d r o p l e t is 
spr ink led on the base meta l with 
stable rotat ion of the mel ted elec-
trode. 

Be tween the axia l spray t ransfer 
and ro ta t ing spray t rans fer , we 
f ind a mode in which the droplet 
is scat tered on the base metal 
wi th unstable swing of the elec-
t rode 

Th is mode was named swinging 
s p r a y t r a n s f e r ' . T h e s w i n g i n g 
s p r a y t r a n s f e r is a p r e c u r s o r y 
stage of the t ransi t ion f rom axial 
spray t rans fe r to rotat ing spray 
transfer. 

The map of metal t ransfer modes 
is shown in Fig.4, when Ar + C 0 2 

gas mix ture is used for shielding. 
T h e s e m o d e s c h a n g e d f r o m 

globular t ransfer to rotat ing spray 
t ransfer v ia ax ia l spray t ransfer 
and sw ing ing spray t rans fe r as 
t h e w e l d i n g c u r r e n t w a s in -
creased. There are transi t ional re-
gions between g lobu lar t ransfer 
and axia l spray t ransfer and be-
tween swing ing spray t ransfer and 
rotat ing spray t ransfer 

Globular transfer 

/ 
Drop transfer 

1 0 
A A i l 

Repelled transfer 

Axial spray transfer 

n n A A 
Projected Streaming 
transfer transfer 

Repelled spray 
transfer 

Swinging spray transfer 

0 
Rotating spray transfer 

Z l l 
Fig 3 Schematic illustration of metal 

transfer modes 

The weld ing current at the bound-
ar ies of these modes increased 
w i th the m i x t u r e ra t io of CO.,. 
w h e n the C 0 2 ra t io was more 
than about 5%. W h e n the mix ture 
ratio of C 0 2 is 0 -10%, only drop 
t rans fer m o d e was obse rved in 
the g lobular t ransfer region, and 
projected and s t reaming t ransfer 
modes were observed in the axial 
s p r a y t r a n s f e r r e g i o n . O n the 
other hand, when the mixture ra-
t io of C 0 2 exceeded 10%. the re-
pel led t ransfer mode domina ted 
the g lobu lar t ransfer region and 
the repel led spray t ransfer mode 
domina ted the axial spray trans-
fer region. Those results suggest 
that the in t roduct ion of CO., into 
sh ie ld ing gas increased the arc 
force, wh ich held up the mel ted 
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Fig 4 : Map of metal transfer modes 
(Ar+Co2) 

e l e c t r o d e . T h e h o l d i n g - u p e f f e c t 

o f t h e a r c f o r c e l e d t o t h e d e -

c r e a s e in t h e e f f e c t i v e l e n g t h o f 

t he m e l t e d e lec t rode . P r o b a b l y f o r 

t h i s r eason , m e t a l t r a n s f e r m o d e 

a s s o c i a t e d w i t h s h o r t e r m e l t e d 

e l e c t r o d e c o u l d d o m i n a t e t h e h i g h 

w e l d i n g c u r r e n t r e g i o n , a s t h e 

m i x t u r e r a t i o o f C 0 2 w a s i n -

c r e a s e d . W e t h i n k t h i s c a n e x -

p la in w h y t h e w e l d i n g c u r r e n t at 

t he b o u n d a r i e s b e t w e e n t h e t r a n s -

f e r m o d e s w a s i n c r e a s e d w i th t he 

m i x t u r e ra t io o f C 0 2 . 

Ar+He gas mixture for 
shielding 

W h e n A r + H e g a s m i x t u r e is u s e d 

f o r sh ie l d i ng , a s s h o w n in F ig . 5 , 

the g lobu la r , ax ia l sp ray , s w i n g i n g 

sp ray a n d ro ta t i ng s p r a y t r a n s f e r 

m o d e w e r e o b s e r v e d s i m i l a r l y t o 

t h o s e s h o w n in F ig .4 . H o w e v e r , 

t he re a re t w o c h a r a c t e r i s t i c po in t s 

i n t h i s m a p a s c o m p a r e d w i t h 

F ig .4 . O n e is t ha t t h e w e l d i n g cu r -

rent at t he b o u n d a r i e s b e t w e e n 

t r a n s f e r m o d e s w e r e a l m o s t i n d e -

p e n d e n t of the m i x t u r e ra t i o o f H e 

f r o m 0 to 7 0 % . T h e o t h e r is t ha t 

t h e a r e a s of s w i n g i n g s p r a y t r ans -
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Fig 5 : Map of metal transfer modes 
(Ar+He) 

f e r m o d e a n d ro ta t i ng sp ray t r ans -

f e r m o d e w e r e l a rge r t h a n t h o s e in 

F ig .4 . 

W h e n the m i x t u r e ra t io o f He is 0 -

7 0 % , t h e d r o p t r a n s f e r m o d e d o m i -

n a t e d t h e g l o b u l a r t r a n s f e r r eg ion , 

a n d t h e p r o j e c t e d a n d s t r e a m i n g 

t r a n s f e r m o d e s d o m i n a t e d the ax ia l 

sp ray t r a n s f e r reg ion . O n the o t h e r 

h a n d , w h e n the m i x t u r e ra t io o f H e 

is o v e r 7 0 % , the r e p e l l e d t r a n s f e r 

m o d e d o m i n a t e d t h e g l o b u l a r 

t r a n s f e r r e g i o n a n d t h e r e p e l l e d 

s p r a y t r a n s f e r m o d e d o m i n a t e d the 

ax ia l sp ray t r a n s f e r reg ion . 

T h e a d d i t i o n of He in to t he s h i e l d -
ing g a s s i gn i f i can t l y i n c r e a s e d the 
l eng th o f t h e m e l t e d e l e c t r o d e c o n -
t ra ry t o C O z . 

Ar+He=02 gas mixture for 
shielding 

W h e n A r + He + 0 2 g a s m i x t u r e is 

u s e d f o r s h i e l d i n g , t h e m a p o f 

m e t a l t r a n s f e r m o d e is s h o w n in 

F ig .6 . T h e g l o b u l a r , a x i a l s p r a y , 

s w i n g i n g sp ray a n d ro ta t i ng sp ray 

t r a n s f e r m o d e a p p e a r e d s i m i l a r l y 

t o t h o s e in F igs .4 a n d 5. T h e in t ro -
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Fig 6 : Map of metal transfer modes 
(Ar+He + 0 2 ) 

d u c t i o n of O z i n t o A r + H e g a s 

m i x t u r e i n c r e a s e d t h e a r e a of 

a x i a l s p r a y t r a n s f e r m o d e a n d 

d e c r e a s e d t h e a r e a o f s w i n g i n g 

s p r a y t r a n s f e r m o d e . 

T h e m e l t e d e l e c t r o d e w a s sho r t -

e n e d w i t h t h e i n c r e a s e in m i x -

t u r e ra t io o f O z . T h e d r o p t rans -

f e r m o d e d o m i n a t e d the g l o b u l a r 

t r a n s f e r r e g i o n , a n d t h e p r o -

j e c t e d a n d s t r e a m i n g t r a n s f e r 

m o d e s d o m i n a t e d t h e a x i a l 

sp ray t r a n s f e r reg ion . T h e l e n g t h 

o f t he m e l t e d e l e c t r o d e w a s ob -

s e r v e d to be d e c r e a s e d as the 

O z r a t i o w a s i n c r e a s e d . It s e e m s 

t ha t t h e 0 2 , a d d i t i o n d id no t in-

c r e a s e the a r c f o r c e , s i n c e ne i -

t h e r t h e r e p e l l e d t r a n s f e r or t he 

r e p e l l e d s p r a y t r a n s f e r w a s o b -

s e r v e d in t h i s case . It has b e e n 

g e n e r a l l y a c c e p t e d tha t t he O z 

a d d i t i o n d e c r e a s e s t h e s u r f a c e 

e n e r g y of t h e m e l t e d e lec t rode 3 ) . 

T h e r e f o r e , t he d e c r e a s e in t h e 

s u r f a c e e n e r g y o f t h e m e l t e d 

e l e c t r o d e c a n p r o b a b l y a c c o u n t 

f o r t h e d e c r e a s e in t h e l eng th of 

t h e m e l t e d e l e c t r o d e w i t h t he in-

t r o d u c t i o n o f O z i n t o s h i e l d i n g 

gas . 
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Numerical Modeling of Metal 
Transfer 

In w e l d i n g p r o c e s s , t h e L o r e n t z 

f o r c e , w h i c h is t h e e l e c t r o m a g -

ne t ic f o r c e by t h e i n t e r a c t i o n of 

the w e l d i n g c u r r e n t w i t h i ts o w n 

m a g n e t i c f i e ld , p r o d u c e s t h e in -

s t a b i l i t y o f h y d r o m a g n e t i c f l u i d 

c y l i n d e r as s h o w n in F ig . 7, a n d 

a f f e c t s t h e m e t a l t r a n s f e r m o d e s . 

W e a s s u m e t h e m e l t e d e l e c t r o d e 

as a f l u i d c y l i n d e r a s s h o w n in 

Fig. 8. In t he rad ia l p i n c h i ns tab i l -

i ty, t he re is on l y ax i a l s y m m e t r i c 

d e f o r m a t i o n of t h e l o n g i t u d i n a l 

p ro f i l e a s s h o w n in F i g . 7 ( a ) . I n 

t h e k ink i ns tab i l i t y , t h e c y l i n d e r 

c o l l a p s e s in to a sp i ra l . In t h e f l u t e 

ins tab i l i t y , p e r t u r b a t i o n s g e n e r a t e 

a g e o m e t r y a k i n t o a t w i s t e d r ib -

b o n a n d e v e n t u a l l y t h e r i b b o n 

sp l i ts a l o n g the f l u te w h i c h is a 

l o n g i t u d i n a l g r o o v e s . T h e r a d i a l 

p inch a n d k ink i ns tab i l i t i es a p p e a r 

in ac tua l w e l d i n g p r o c e s s e s . F r o m 

the a n a l o g y of t he s h a p e of t h e 

m e l t e d e l e c t r o d e o b s e r v e d , w e 

•C b-i C Z ^ — 3 j 
m-0 

( a ) 

( r—— ^ A' 

J 
m-1 

( b ) 

o 

m-2 

( c ) 

Fig 7 : Pertubation of fulid cylinder. 
a) Radial pinch instability 
b) Kink instability 
c) Flute instability 

s u p p o s e t h a t t h e g l o b u l a r a n d 

a x i a l s p r a y t r a n s f e r s a p p e a r , 

w h e n the e f f ec t o f the rad ia l p i n c h 

ins tab i l i t y is d o m i n a n t , a n d the ro-

t a t i n g s p r a y t r a n s f e r a p p e a r s , 

w h e n the e f f ec t of t h e k ink ins ta -

b i l i ty is d o m i n a n t 

Wire 

Fig 8 : Schematic illustration of ideal melted 
slectrode 
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B (3) 

(4) 

(5) 

+ V X E = 0 (6) 

dt 

J = c r ( £ + v x B ) (7) 

V • B = 0 ® 

W e d i s c u s s the t r ans i t i on of m e t a l 

t r a n s f e r m o d e by n u m e r i c a l ca l -

c u l a t i o n of t he d y n a m i c s of i ns ta -

b i l i ty i n f l u i d c y l i n d e r 4 ) . W h e n w e 

a p p l y a p e r t u r b a t i o n to t h e f l u i d 

c y l i n d e r i n bo th t h e z d i r e c t i o n 

a n d t h e 6 d i rec t i on , t h e p ro f i l e o f 

t h e cy l i nd r i ca l s u r f a c e d u r i n g per -

t u r b a t i o n is g i v e n by 

r = R + e cos [ - m e + ( — ) z] (1) 

a n d E = E0COS cot ( 2 ) 

w h e r e R is t h e rad ius of t h e cy l i n -

der , X t h e w a v e l eng th of d i s tu r -

b a n c e , e t he a m p l i t u d e of d is tu r -

b a n c e a n d co/2 n t he f r e q u e n c y of 

d i s t u r b a n c e . He re , m d e t e r m i n e s 

t h e ins tab i l i t y m o d e of t h e cy l i n -

der . If m = 0 , t he m o d e is t he rad ia l 

p i nch ins tab i l i t y . If m = 1 , t he m o d e 

is t h e k ink ins tab i l i t y . If m = 2 , t he 

m o d e is t he f l u te ins tab i l i t y . W e 

i g n o r e v i s c o u s f o r c e a n d a s s u m e 

tha t t he p r e s s u r e is on l y d u e to 

s u r f a c e t ens ion . T h e n the g o v e r n -

ing e q u a t i o n s a re g i v e n by 

w h e r e p is t h e m a s s dens i t y , v t he 

f l u i d v e l o c i t y , B t h e m a g n e t i c 

f i e l d , E the e lec t r i c f i e ld , |i0 t he 

m a g n e t i c p e r m e a b i l i t y , a n d cr the 

e lec t r i c c o n d u c t i v i t y . F r o m t h e s e 

g o v e r n i n g e q u a t i o n s , w e f i na l l y 

o b t a i n t h e d i s p e r s i o n re la t i on be-

t w e e n t h e m o d e 

X (=27rR/X) a n d the a n g u l a r f re -

q u e n c y of a m p l i t u d e com u n d e r t h e 

s u r f a c e pe r tu rba t i on . 

4 0 0 

4 00 4 0 0 { m'Ux) 
4 0 0 / . ' ( I ) J Xlm\x) 

BL 
7c2Ry ' 

„ . . (10) 

" 2 kR 
and 

{1 + /.WK.OO) ( I D 

(12) 

p — = - V p + J X 
at 

V • v = 0 

V x B = J 



W h e r e y fs t he s u r f a c e t e n s i o n 

I (x ) t he m o d i f i e d B e s s e i f u n c t i o n 

o f t he f i rs t k ind of o r d e r m , a n d 

K m ( x ) t he m o d i f i e d B e s s e i f u n c -

t i on of t he s e c o n d k ind of o r d e r 

m. 

A s s u m i n g t h a t p = 7 X 1 0 3 k g / m 3 , 

y = 1 . 2 N / m , R = 0 . 6 m m a n d l = 3 0 0 A , 

w e o b t a i n t he c a l c u l a t e d resu l t s 

s h o w n in F ig .9 . W h e n 0 < x < 8 . 

t he rad ia l p inch ( m = 0 ) a n d k ink 

( m = 1) i n s t a b i l i t y a r c u n s t a b l e , 

s i nce (pR3/y)com2 = Q 2 < 0 but t h e 

f lu te ins tab i l i t y ( m = 2) is s tab le 

s ince Q 2 > 0 . In t h e Q 2 - x c u r v e s of 

al l m o d e s ( m = 0 , 1 a n d 2) , Q 2 h a s 

a m i n i m u m . W h e n Q 2 t a k e s t h e 

m i n i m u m v a l u e , t h e i n s t a b i l i t y 

g r o w s at a m a x i m u m ra te . T h e 

m a x i m u m g r o w t h ra te o f t h e in-

s tab i l i t y is s h o w n as a f u n c t i o n o f 

c u r r w e n t i n F ig . 10. T h e h i g h 

g r o w t h ra te m e a n s the m o d e is 

m o r e p r e d o m i n a n t . T h e g r o w t h 

ra te of t he f l u te i n s t a b i l i t y ( m = 2 ) is 

a m u c h s m a l l e r t h a n t h e rad ia l 

p i nch ( m = 0 ) a n d k ink ( m = 1 ) ins ta -

bi l i ty . T h i s s u g g e s t s tha t t he f l u t e 

ins tab i l i t y a p p e a r s v e r y ra re ly i n 

c o m p a r i s o n w i th t he rad ia l p i n c h 

a n d k ink i n s t a b i l i t y . T h i s r e s u l t 

a g r e e s w i t h t h e e x p e r i m e n t a l re -

su l ts that t he f lu te i ns tab i l i t y w a s 

no t o b s e r v e d in a c t u a l w e l d i n g 

p rocess . But w e c a n no t c o n c l u d e 

f o r th i s resu l t tha t t h e k ink ins ta -

bi l i ty is t he c a u s e of t h e ro ta t i ng 

s p r a y t r a n s f e r m o d e s i n c e t h e 

g r o w t h ra te o f t he rad ia l p i nch in-

s tab i l i t y ( m = 0 ) is l a rge r t h a n tha t 

o f t h e k i n k i n s t a b i l i t y ( m = 1 ) a s 

c a n be s e e n in F ig . 10. c 

T h e r e f o r e , w e t a k e in to a c c o u n t 

t he e x p e r i m e n t a l v a l u e s of d i s tu r -

b a n c e w a v e l e n g t h X. T h e e x p e r i -

m e n t a l v a l u e s of X a re l i s ted in 

T a b l e 3. T h e resu l t s c a l c u l a t e d 

f r o m the e x p e r i m e n t a l v a l u e of X 

a re s h o w n in Fig. 11. W h e n X f o r 

t he p r o j e c t e d t r a n s f e r m o d e is as -

s u m e d , as s h o w n in Fig. 11(a) , 

t he g r o w t h ra te o f t he rad ia l p i n c h 

i n s t a b i l i t y is m u c h h i g h e r t h a n 

tha t o f t h e k ink ins tab i l i t y . W h e n X 

f o r t h e s t r e a m i n g t r a n s f e r m o d e is 

a s s u m e d , as s h o w n in Fig. 11(b) , 

bg th rad ia l p inch a n d k ink ins ta -

b i l i t y h a v e a l m o s t s a m e g r o w t h 

rate. W h e n m a x i m u m v a l u e X f o r 

t h e s t r e a m i n g t r a n s f e r m o d e is 

a s s u m e d , a s s h o w n in Fig. 11(c) , 

t he g r o w t h rate of t h e k ink ins ta -

bi l i ty is m u c h h i g h e r t h a n tha t o f 

the rad ia l p i nch ins tab i l i t y . T h e r e 

resu l t s sugges t that the l eng th of 

m e l t e d e l e c t r o d e c o n t r o l s t h e 

t r a n s i t i o n o f m e t a l t r a n s f e r 

m o d e s . If t he m e l t e d e l ec t rode is 

shor t , t he d r o p t r a n s f e r a n d ax ia l 

sp ray t r ans fe r p r e d o m i n a n t l y ap -

pea r d u e to the rad ia l p i nch ins ta -

bi l i ty . O n t h e o the r hand , if t he 

m e l t e d e l e c t r o d e is l o n g , t h e 

s w i n g i n g sp ray t r a n s f e r a n d ro ta t - . 

ing s p r a y t r ans fe r p r e d o m i n a n t l y 

a p p e a r d u e to the k ink ins tab i l i t y . 

A s d e s c r i b e d in x 3 . 2 , w h e n w e 

u s e A r + H e . g a s m i x t u r e f o r 

s h i e l d i n g , t h e s w i n g i n g s p r a y 

t r a n s f e r m o d e a n d ro ta t i ng s p r a y 

t r a n s f e r m o d e o c c u p i e d l a rge ar -

1000 

500 

e a s in t h e t r a n s f e r m o d e m a p . 

T h i s m a y b e e x p l a i n e d by t h e 

l o n g e r m e l t e d e l e c t r o d e a n d re-

su l t i ng e n h a n c e m e n t of t he k ink 

i ns tab i l i t y w h e n A r + H e sh ie l d i ng 

g a s w a s used . 

Table 3 Value of wavelength 

Figure X(cm) 
(a) 0.183 
(b) 0.277 
(c) 0.554 

T h e i n t r o d u c t i o n of O z i n to A r + H e 

g a s m i x t u r e i n c r e a s e d the a r e a of 

ax ia l sp ray t r a n s f e r m o d e a n d de -

c r e a s e d t h e a r e a o f s w i n g i n g 

sp ray t r a n s f e r m o d e . T h i s resu l t 

m a y a l so be e x p l a i n e d by the d is -

t u r b a n c e w a v e l e n g t h X, s i n c e the 

l e n g t h of m e l t e d e l e c t r o d e w a s 

d e c r e a s e d as 0 2 w a s i n t r o d u c e d 

in to s h i e l d i n g gas . 

In t he t r a n s f e r m o d e m a p of A r + 

C o 2 g a s m i x t u r e f o r sh ie l d i ng , t he 

w e l d i n g c u r r e n t a t t he b o u n d a r i e s 

b e t w e e n the t r a n s f e r m o d e s w a s 

i n c r e a s e d w i t h t h e m i x t u r e ra t io of 

C 0 2 . T h i s resu l t c a n be e x p l a i n e d 

a s f o l l o w s : s i n c e the e n d of t he 

-500 

-1000 

m-0 

i i- — 

m-1 

m-2 

Fig 9 : Non dimantional growth rate of 
instability 

200 250 300 350 <00 450 500 
Currcn: (A) 

Fig 10 : Growth rate ofthe modes 
m = 0 , 1 and 2 
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Fig 11 Growth rate of the mode m=0 and m-1 for various wavelength 

a0 3003S0400<SOSOOSSOKX>SSO 
C o r a m (A) 

2 5 0 3 0 0 3 5 0 4 0 0 < 50 500 550 COO (SO 
C«n«(Al 

m e l t e d e l e c t r o d e is h e l d u p by t h e 

a rc f o r ce , t he e f f e c t i v e l e n g t h of 

m e l t e d e l e c t r o d e b e c o m e s sho r t 

as t he m i x t u r e ra t i o o f C O z is in -

c r e a s e d , a n d t h e m o d e s a s s o c i -

a t e d w i t h s h o r t e r d i s t u r b a n c e 

w a v e l e n g t h b e c o m e m o r e p r e -

d o m i n a n t . 

CONCLUSION 

Meta l t r a n s f e r m o d e s in t h e h i gh 

cu r ren t G M A w e l d i n g a re r o u g h l y 

c l ass i f i ed in to f o u r t y p e s d e p e n d -

ing o n t h e w e l d i n g c u r r e n t : g l o b u -

lar t r ans fe r , ax ia l sp ray t r a n s f e r , 

s w i n g i n g s p r a y t r a n s f e r a n d ro ta t -

ing sp ray t rans fe r . T h e g l o b u l a r 

t r ans fe r is f u r t he r c l a s s i f i e d i n to 

d r o p t r a n s f e r a n d r e p e l l e d t r a n s -

f e r . T h e a x i a l s p r a y t r a n s f e r is 

f u r t h e r c l a s s i f i e d i n t o p r o j e c t e d 

t r a n s f e r , s t r e a m i n g t r a n s f e r a n d 

r e p e l l e d s p r a y t rans fe r . 

T h e l e n g t h o f m e l t e d e l e c t r o d e 

c o n t r o l t h e t r a n s i t i o n o f m e t a l 

t r a n s f e r m o d e s . W h e n t h e m e l t e d 

e l e c t r o d e is shor t , d r o p t r a n s f e r 

a n d ax ia l sp ray t e a n s f e r p r e d o m i -

n a n t l y a p p e a r d u e to t h e rad ia l 

p i n c h i n s t a b i l i t y . O n t h e o t h e r 

h a n d , w h e n the m e l t e d e l e c t r o d e 

is l ong , s w i n g i n g s p r a y t r a n s f e r 

a n d r o t a t i n g s p r a y t r a n s f e r p re -

d o m i n a n t l y a p p e a r due to t he k ink 

i ns tab i l i t y . T h e e x p e r i m e n t a l re-

su l ts suppo r t tha t the e f f ec t o f t he 

s h i e l d i n g g a s c o m p o s i t i o n o n the 

t r a n s f e r m o d e s c a n be e x p l a i n e d 

by t h e l e n g t h of t h e m e l t e d e lec -

t rode . 
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