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Abstract— Mode of metal transfer is essential variable for quality of welding. Welding gas is one of the main factors affecting 
metal transfer behavior for GMAW process. Recently, some gas providers have developed by adding oxygen into Carbon 
dioxide (CO2)/Argon (Ar)gas mixture to improve welding performance. However the effect of oxygen addition on metal 
transfer behavior has not been demonstrated and clarified. This research aims to study the influence of Oxygen, on modes of 
metal transfer and transition current. In this study, the effect of welding currents and various types of welding gases were also 
investigated. The welding currents used were ranged from 90 to 310 A. Ten categories of welding gases involved in this study 
were divided into 2 groups, 5%CO2/Ar and 15%CO2/Ar. Oxygen gas was added into each group ranging from 0% to 4%. 
Behaviors and modes of metal transfer were observed by using high speed camera. Rate of metal transfer, droplets size and 
transition current were measured. The result showed that with 2-3% oxygen addition short circuit/globular and globular/spray 
transition currents can be reached at lower welding current comparing with those conventional 5%CO2/Ar and 15%CO2/Ar, 
(no oxygen addition). However excessive amount of oxygen in gas mixtures could increase both short circuit/globular and 
globular/spray transition currents especially in 5%CO2/Ar. 
 
Index Terms—Gas Metal Arc Welding, Gas mixture, Modes of metal transfer, Oxygen addition, Transition current.  
 
I. INTRODUCTION 
 
Modes of metal transfer is an essential variable in 
determining the quality of welding process. Welding 
gases is one of the main factors that effectsonmetal 
transfer behaviorin Gas metal arc welding process 
(GMAW). Each component in welding gases will 
promote difference identity of metal transfer behavior. 
This mechanism is quite complex phenomena affected 
by various welding parameters. E. Warinsiriruk and B. 
Poopat (2006) [1] studied on rate of metal transfer by 
using acoustic emission method. This method utilized 
sound waves signal converted to electrical signal 
forstudying the metal transfer behavior. Howeverthis 
method had many limitations especially in spray 
transfer mode. Y-S. Kim and T.W. Eagar (1993) 
[2]studied static force balance theorycalculation and 
pinch instability theory and usedhigh-speed 
videography with a laser black-lighted shadow graphic 
technique to study metal transfer behavior.This 
research definedseven parameters;welding current, 
welding gases, contact tube to work distance (CTWD), 
filler metal coating, atmospheric pressure, electric 
polarity and base material,affectingonmetal transfer 
behavior.  
S. Rheeand E. Kannatey-Asibu (1992) [3] also 
observed metal behavior such as arc stability, fume 
and weld bead appearance by using laser black-lighted 
shadow graphic technique and high speed 
camera.Ultraviolet oscillography was used for 
accurately countingmetal droplet transfer.However 
this method showed unclearly perspective of arc 
column.V.Kongtanateekagul, C.Tongtavornsuwan 
and N.Lapthanapaiboon (2015) [4] studied the effect 
of CO2 addition in Ar/CO2 gas mixture by using high 

speed camera. The results showed clear behavior in 
three regions; short circuit, globular and spray 
transfer. The transition current was observed in their 
study. Classification of metal transfer modes has three 
main categories which are Short circuit Transfer, 
Globular Transfer and Spray Transfer as shown in Fig. 
I. 
  

 
Figure I Modes of Metal transfer 

 
(A) Short Circuit Transfer 
(B) Globular Transfer 
(C) Spray Transfer 

 
Ar/CO2 is one of the most popular shielding gases for 
welding of carbon steel since it provides excellent 
weld bead appearance and minimum spatter. However 
industrial gas supplier has currently added Oxygen 
(O2) into aforementioned mixed gases to produce 
better quality and more welding efficiency. The 
main objective of this paper is to study the effect of 
oxygen addition in Ar/CO2 gas mixture on metal 
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transfer behavior in GMAW process by using 
high-speed camera method.  
This study also observed the detail of metal transfer 
behavior such modes of metal transfer, transition 
current, metal transfer rate, droplets size, stability of 
welding arc and other behaviors of metal transfer as 
well. 
 
II. EXPERIMENTAL DETAILS 
 
A. Materials 
Carbon steel ASTM A36 and filler metal AWS A5.18 
ER70S-6 with the wire diameter of 1.2 millimeter 
was used in this study. Ten categories of welding 
gases were shown in TableI.  
 

Table I Ten categories of welding gases 

 
 

B. Experimental Tools and Preparation 
Base materials were prepared by mechanical cutting 
into the dimension of 6 mm x 60 mm x 150 mm. 
Samples were also ground to remove mill-scale from 
the surface. GMAW was used in this study for bead on 
plate welds. Welding currents were ranged from 90 to 
310 A with 20 A increment. Automatic feeding 
machine was used to move the samples passing 
through welding torch. High-speed camera was used 
to record metal transfer behavior in the arc column. 
 
C. Experimental and Procedure 
Experimental set was as shown in fig. II. Bead on plate 
welds were performed by using welding parameters as 
shown in Table II and III. Travel speed was fixed at 20 
centimeter/minute(cm/min) and contact tube to work 
distance(CTWD)wasset constant at 15 millimeter. 
Shielding gas flow rate was controlled at 20 
liter/minute.During welding operation, mode of metal 
transfer behavior, droplet rate, and droplet size were 
observed and recorded by using high speed camera 
with 2000 frame/second.Each welding condition was 
repeated for three times.  

 

 
Figure II Experimental setupfor observing metal transfer 

behavior by using high speed camera 

Table II Welding conditions 
(Welding gas from table I representing by the symbol of A-E) 

 
 

Table III Welding conditions  
(Welding gas from table I representing by the symbol of F-J) 

 
 

III. EXPERIMENTAL RESULTS 
 
Droplet transfer rate, droplet size and mode of metal 
transfer; Short circuit (SC), Globular (GB) and Spray 
(SP), for gas mixtures of 5%CO2/0-4%O2/Ar-balance 
and 15%CO2/0-4%O2/Ar-balance were shown in table 
IV and table V, respectively. 

 
Table IV Experiment data for 5% CO2 group 

 
 

Table V Experiment data for 15%CO2 group 
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IV. MODES OF METAL TRANSFER 
CLASSIFICATION 
 
A. Effect of O2 addition on mode of metal transfer in 
5%CO2 group 
It was shown that short circuit transfer occurred at 
90-170A since this welding current range gave 
droplets size about two times of wire diameter. Molten 
droplet dipped down into weld pool before pinching 
off. With O2 addition of 1-4%, it showed small amount 
of globular transfer mixing with short circuit. Short 
circuit/globular transition changed to about 150A with 
2-3%O2 addition. However, at 4% O2, Short 
circuit/globular transfer transition changed again to 
170A.Globular/spray transition current was not 
influenced by adding 1-4% O2.  
At welding current range of 190-210 A, a mixed mode 
of  short circuit/globular transfer was observed. The 
maximum globular transfer ratio was found to be 56% 
at 2% O2 addition. However the ratio decreased when 
oxygen addition is 3% or more.  
At welding current range of 230-250 A, modes of 
metal transfer changed to mixing of globular/spray 
transfer. The results showed that increasing O2 content 
up to 3% promoted higher spray transfer ratio than that 
of no oxygen addition. At3% O2 addition andwelding 
current 230 A, maximum spray transfer ratio can 
reach85%.However the spray transfer ratio decreased 
when oxygen addition was at 4%. 
At welding current 270 Aor above, fully spray transfer 
mode was observed; except for 4% oxygen addition, 
fully spray transfer started at 290 A.To make it easier 
to visualize this behavior, area plotwas made 
according totable IV and shown in Fig. III.  
 

 
Figure III Metal transfer area plot for welding gases 5%CO2 

group 
 
B. Effect of O2 addition on mode of metal transfer in 
15% CO2 group 
It was also found that, in case of 15% CO2, short 
circuit transfer occurred at low welding current region 
of 90-170A similar to previous case. However it was 
noticed that oxygen addition played only slightly 
affected on modes of metal transfer. Except for 2% 
oxygen level, little of globular transfer mixed with 
short circuit transfer occurred at 170 A with globular 
transfer ratio of 5%.  
At welding current range of 190-230 A, a mixed mode 
of short circuit and globular transfer was observed. 

However, globular transfer ratio was little affected by 
adding O2 into gas mixture. It seemed that CO2 gas 
played important role in plasma arc column. It was 
known from previous studies that CO2 tended to 
promote globular transfer. In this range, random 
pattern of short circuit and globular transfer was 
observed and the arc was quite as stable as that of 
5%CO2 case.  
At high welding current range 250-310 A, high 
pinching force occurred therefore molten droplets at 
wire tip short were cut and dropped into weld pool. 
Short circuit transfer was disappeared in this region. It 
showed mixed mode of globular and spray transfer at 
welding current above 250 A. It was also noticed that, 
by adding O2 into mixed gas, it only slightly affected 
on globular/spray ratio. No true spray transfer was 
observed in these mixed gases. Fig. IV demonstrated 
metal transfer area plot for welding gases 15%CO2 
group 

 

 
Figure IV Metal transfer area plot for welding gases 15%CO2 

group 
 
V. TRANSITION CURRENT 
 
Transition current is defined as welding current range 
which metal transfer modes changes. In this section, 
the effect of O2 addition on short circuit/globular and 
globular/spray transition current was discussed as 
followed.  
 
A. Effect of O2 addition on mode of metal transfer in 
5% CO2 group 
Fig. V showed the effect of O2 addition and welding 
current on metal transfer rate and droplet size for 
5%CO2/0-4%O2/Ar-balance. I can be seen that as 
welding current increased, metal transfer rate also 
increased and droplet size decreased. According to 
Table IV, transition currents were also plotted in order 
to easily see when mode of metal transfer started 
changing. It showed that, with no oxygen addition, 
short circuit/globular transition current occurred at 
welding currents 190 A. When oxygen was added up 
to 3%, transition currents tended to decreased to 170 A 
for 1%O2 and 150 A for 2-3% O2.However, at too high 
of 4% O2 addition, transition current increased again 
to 170 A. 
Globular/spray transition current started at welding 
currents 230 A and, full spray transfer mode started ay 
270 A for0-4%O2 addition level. 
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B. Effect of O2 addition on mode of metal transfer in 
15% CO2 group 
Fig. VI showed the effect of O2 addition and welding 
current on metal transfer rate and droplet size for 
15%CO2/0-4%O2/Ar-balance. The results showed that 
short circuit/globular transition current started at 
welding currents 190 A, except for 2% O2 addition 
starting at welding current 170 A. This transition 
current was a little higher than those of 5% CO2 case.  
Globular/spray transition current started at welding 
currents 250 A for 0-4% O2 addition level. No true 
spray transfer occurred in this case. 
 

 
Figure V Transition current chart of 5% CO2and with 0-4% O2 

addition  
 

 
Figure VI Transition current chart of 15% CO2 and with 0-4% 

O2 addition 
 
VI. ARC AND METAL TRANSFER STABILITY 
 
A. Effect of O2 addition on arc and metal transfer 
stability in 5% CO2 group 
At welding current range 90-170 A, stable arc with 
uniform short circuit transfer was observed for 
0-4%O2addition level. As oxygen content increased, 
metal droplets tended to swing before dipping into 
weld pool. At welding current range 190-250 A,it can 
be observed form high speed camera that, for 1-2% O2 
addition, more stable arc and metal transfer occurred 

even though they were in short circuit/globular 
transfer and globular/spray transfer transition. 
However, at 3-4% O2 addition, arc and metal transfer 
stability slightly decreased since it produced repelled 
globular transfer as showed on Fig.VII. 
 

 
Figure VII Repelled globular metal transfer with gas mixture 

92% Argon, 5% CO2 and 3% O2 at welding current 210 A. 
 
When welding currents were above 270 A, fully or 
true spray transfer was observed.No significant effect 
of O2 addition on arc and metal transfer stability was 
observed. However, it was noticed that, at 3-4% O2 
addition, exploded spray transfer (where small droplet 
exploded into very fine droplet during transferring to 
weld pool) and streaming spray transfer as shown on 
Fig. VIII. 
 

 
Figure VIII metal transfer behavior with gas mixture 91% 

Argon, 5% CO2 and 4% O2 at welding current 290 A 
(A) Exploded spray transfer 
(B) Streaming Transfer 

 
B. Effect of O2 addition on arc and metal transfer 
stability in 15% CO2 group 
At welding current range 90-190 A, welding arc and 
short circuit transfer were not quite stable comparing 
with those of 5% CO2 case. Increasing oxygen 
addition did not improve stability in this case. Nature 
of welding gases in this group promoted intense 
welding arc therefore welding arc was not stable at all 
welding currents. Moreover it promoted more repelled 
globular transfer and exploded spray transfer than 
those of5% CO2.However both behaviors can be 
slightly decreased by using high oxygen addition level 
at 4% oxygen addition. At welding current range 
290-310 A, it produced more repelled globular and 
exploded spray transfer but these could be decreased 
by adding 1-2% oxygen. The ratio of repelled globular 
transfer and exploded spray transfer increased, as 
oxygen addition was excessive at3-4%.The worst case 
appeared at4% O2 addition.   
 
CONCLUSION  
 
This paper demonstrated better understanding in the 
area of the shielding gases technology. Shielding gas 
had significantly effects on arc characteristic, heat 
distribution and metal transfer behavior. By changing 
gas composition, it could change metal transfer 
behaviors such as metal transfer rate, droplet size, 
transition current, arc stability and metal transfer 
stability. Improvement of shielding gas technology by 
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adding O2 into Ar/CO2 shielding gas has recently been 
developed in order to improve weld quality and 
productivity. According to this study, it can be 
concluded that oxygen addition has direct effect on 
metal transfer behavior. For 
5%CO2/1-4%O2/Ar-balance group, proper amount of 
oxygen about 1-3% in gas mixtures can promote 
globular and spray transfer at lower welding current 
and generate stable short circuit arc at low current. At 
welding current 150-250A, even in short 
circuit/globular and globular/spray transition region, 
arc and metal transfer stability were still excellent with 
minimum spatter generation. However excessive 
oxygen addition of 4% did not improve stability and it 
generated undesired behavior such as repelled 
globular and exploded spray transfer. At high welding 
current above 250 A, it produced stable true spray 
transfer metal transfer. 
For 15%CO2/1-4%O2/Ar-balance, this group does not 
produce as good arc and metal transfer stability as 
those of 5%CO2/1-4%O2/Ar-balance group. However 
it produces more intense arc so it can give higher weld 
penetration and higher welding speed in production.   
Since Argon content is smaller in this group, shielding 
gas cost is also economical. This paper presented 

useful information for user in selection proper 
shielding gases and proper welding conditions to 
obtain desired mode of metal transfer. 
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