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Abstract
Purpose: This paper presents the results of an investigation of the metal transfer. The main goal of the 
investigation was to check that using narrow band filter and high speed digital video camera can be used, without 
a back-lighting laser, to observe the metal transfer process. Presented are the influence of wire feed rate (welding 
current) on droplet diameter, droplet trajectory and velocity.
Design/methodology/approach: The experiments were carried out on an automated welding table. A high 
speed video camera “Olympus i-SPEED” was used. For each welding wire feed speed the image of metal 
transfer and welding parameters (welding current, arc voltage and wire feed rate) were recorded.
Findings: Results presented in this paper indicate that the wire feed has a significant influence on droplet 
diameter, droplet trajectory and droplet velocity. That method based on digital high speed camera and narrow 
band filter is very sensitive to the changes of welding conditions and should be used as a tool for monitoring 
of the GMAW process.
Research limitations/implications: The high speed video camera is an expensive instrument and it can be used 
only as a laboratory tool in monitoring and optimizing of welding processes.
Practical implications: The achieved experience allows directing further research on the metal transfer in 
GMAW and studying the possibilities of using this method in other welding processes.
Originality/value: The new method for monitoring metal transfer based on narrow band filter and high speed 
digital camera does not require He-Ne laser to provide the back-lighting in order to observe the metal transfer 
process. This method is cheaper and easier to use. The original results of these investigations are mathematic 
descriptions of droplet flight trajectory and droplet velocity.
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1. Introduction 
Gas Metal Arc Welding (GMAW) is a welding process where 

the heat is generated by an electric arc incorporating a 
continuously-fed consumable electrode that is shielded by an 
externally supplied gas. The metal transfer modes during the 
GMAW process are described by the following categories: short 
circuit, globular, spray and streaming [1].  

The physics of metal transfer is not yet well understand, due 
to the facts that the arcs are too small, the temperatures are too 
high, and the metal transfer is at too high rate. Thus, many 

mechanisms affecting metal transfer have been suggested [1]. To 
better understand the dynamics of the metal transfer in  GMAW, 
authors [2] have studied the dynamic modeling of metal transfer 
process in GMAW. Since the stable metal transfer mode is 
usually associated with a good quality weld, Quantino [3] has 
investigated the control of metal transfer in GMAW using neural 
networks. This has been done through the use of sensors, control 
algorithms, and neural networks. Extensive studies have been 
done on the metal transfer. In [2] the metal transfer was controlled 
and its mode was detected by monitoring current and voltage [4], 
and analysis of the formation of metal droplets in GMAW [5]. In 
order to determine the dominant factors, which affect the metal 
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transfer mode, a dimensional analysis has been conducted in 
previous studies [6]. Most of recent investigations focused on 
studying the effect of waveform parameters on the mode of metal 
transfer in pulsed gas metal arc welding (GMAW-P) Al–Zn–Mg 
alloy [7] and aluminium [8]. The numerical analysis of metal 
transfer in GMAW-P were carried out and selection of parameters 
of pulsed current gas metal arc welding were used to optimization 
of welding process [9]. Many investigations were carried out up 
to date have covered subject matter of dynamic analysis of metal 
transfer [10]. The metal transfer mode is also an interesting 
subject matter for newly developed welding methods for example 
double electrode gas metal arc welding (DE-GMAW) developed 
at the University of Kentucky [11]. Some studies focused on 
detailed analysis of droplet velocity and developed model based 
only on the electromagnetic pinch force [12]. Further, a non-
isothermal numerical model has been developed to simulate the 
metal transfer process in GMAW. Short circuit gas metal arc 
welding process also cover the subject matter of studies [13]. The 
melting of the wire which is fundamental and influences process 
stability and productivity, has been a main topic of some 
investigations [14]. The hybrid laser-MIG welding methods have 
also been studied by many researchers [15]. 

However, the investigations that were carried out up to date 
have not covered subject matter of mathematic description of 
droplet flight trajectory and droplet velocity. This paper describes 
a mathematical analysis of droplet flight trajectory and droplet 
velocity based on polynomial regression of experimental data. In 
previous investigations, the shadowgraph technique has been used 
to image the metal transfer process using He-Ne laser as a back-
lighting [16]. In this paper an easier method which is only based 
on a narrowband filter and high speed camera is used. 

2. Experimental setup and procedure
The experiments were carried out on an automated welding 

table for GMAW. The experimental platform is shown in Fig. 1. 
The Olympus i-SPEED high speed video camera (HSVC) was 
used during experiments to image and record the metal transfer 
process. The HSVC used a sampling speed of 3000 frame per 
second (fps). A narrowband filter (central wavelength 940 nm) 
was used to reduce the welding arc light brightness. All welds 
were made with a welding gun Miller Roughneck C 4015, using 
1,2 mm (0.045 inch) diameter Quantum ARC 6  
(Hobart Brothers) - carbon steel wire (AWS A5.18, ER70S-6) 
equivalent to SG2. The chemical composition of the welding wire 
is given in Table 1. Pure argon and flow rate of 16 L/min were 
used for shielding. The base metal was mild steel S255 (EN 
10025) of 10 mm thickness.The torch was moved at the travel 
speed 250 mm/min (10 inch/min) to make bead-on-plate welds. 
The work-piece was fixed to the table. Direct current levels in the 
range of 178 - 246 A were examined, all at an operating voltage 
of 32 V. The change of the wire feed rate in the range of 3.81 
m/min to 6.1m/min (150 to 240 inch/min) causes changes in the 
welding current in the range 178 - 246 A. The three-phase 
welding machine Hobart EXCEL – ARC 8065 CC/CV was used. 
The wire feeder was Miller R-115.     

During welding the arc voltage, welding current and wire feed 
speed were continuously measured. The closedloop Hall effect 
current sensor Model CLN-500 was used to measure welding 

current. This sensor provides electrical isolation between the 
current carrying conductor and the output of the sensor. The 
voltage was measured by a resistance bridge directly in the output 
of power supply. The wire feed rate was measured directly in the 
wire feeder Miller R-115. Signals from the welding circuit were 
recorded on the PC through the data acquisition card NI DAQ 
6036E. The signals were recorded at a sampling rate of 40 kHz.
Signals were analysis in Matlab software in time domain. 

Table 1 
Chemical composition of base metal and welding wire  
Element C Mn Si P S Cu 
Base
material <0.16 0.40-

1,20 <0.35 <0.03 <0.025 - 

Filler 
material 

0.06-
0.15

1.40-
1.85

0.8-
1.15 <0.025 <0.025 <0.05 

Fig. 1. Experimental platform  

3. Results and discussion

3.1. Droplet diameter 

One of the main goals was to calculate droplet diameter. To 
this end, it was necessary to measure horizontal and vertical 
diameters for each droplet in graphical software Corel. The 
diameter D of the droplet is calculated in two directions 
(horizontal dh and vertical dv diameter) as D=(dh + dv)/2 when the 
droplet to be analyzed reaches a particular location in the image. 
The average diameter was calculated for each set of welding 
parameters using seven image sequences. The lowest and highest 
diameters were not used in the calculation. If the difference 
between horizontal and vertical diameter was higher than 20%, 
next sequence of images was used. The standard error of droplet 
diameter was calculated according to formula 1: 

22
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where:
SD – standard error of droplet diameter, 
Sd – standard deviation , 
Si - measurement resolution. Si = 0,1 mm. 

The relationship between droplet diameter with standard error 
in dependence of wire feed rate (welding current) is shown in 
Figure 2. As can be seen, the changes in the wire feed speed did 
cause changes in droplet diameter. The diameter decreases when 
the wire feed speed (welding current) increases. The changes 
average 50 % of initial value.     

Fig. 2. Influence of wire speed rate (welding current) on droplet 
diameter 

3.2. Droplet velocity

To estimate the tracking equation of single droplet, a 3rd

degree of polynomial regression was used. After fitting the 
coefficients in the formula of polynomial obtained for wire speed 
200 inch/min (welding current 216 A): 

32
200 00115.006304.020726.000651.0 ttty  [mm]  (2) 

where: 
t – time [ms], 
y – distance along the arc axis from detachment, 

Comparison between measurements (from high speed video) 
and mathematical description is shown in Figure 3 for welding 
wire speed 200 inch/min (5.08 m/min) that corresponds to 
welding current 216 A. As shown in Fig. 3 the mathematical 
formula 3 has a good agreement with the experimental data in the 
whole range. The distance from detachment was measure in 
graphical software Corel based on images of droplets. To estimate 
the velocity of droplet v200 for wire feed speed 200 inch/min, the 
derivative of movement equation 2 can be calculated. To achieve 
the velocity of droplet in mm/s, the formula 2 was multiply 1000 
times. The mathematical description of droplet velocity for wire 
feed speed 200 inch/min is: 

dt
dyv 200

200      -    derivative of movement equation            (3) 

then for welding current 216 A, 

2
200 45.38.12826.207 ttv   [mm/s]                (4) 

Fig. 3. The droplet flight trajectory and droplet velocity for wire 
feed speed 200 inch/min, comparison experimental data with 
mathematical model based on formula 2 and 4   

As shown in Fig. 3 the maximum velocity 1018 mm/s the 
droplet achieve for t=8.3 ms. The average velocity of droplet is 
660.64 mm/s.  

4. Conclusion 
The metal transfer in the GMAW has been analyzed. The 

measurement system was based on a high speed camera which is 
capable of measuring the metal transfer at 3000 frames per 
second. In the paper there were presented influence of wire feed rate 
(welding current) on droplet diameter.  

The following conclusions can be drawn from the 
investigation: 
- measurements of the droplet size have shown that average 

diameter of droplet in the range of wire feed rate from 150 to 
240 inch/min varies in the range of 1,29±0,25 to 0,51±0,15 for 
pure argon shielding gas, 

- to calculate the droplet flight trajectory a 3rd degree
polynomial regression was used, equation 2 and 3 are valid 
for argon as shielding gas      

- to calculate the changes in droplet velocity the derivative of 
movement equation is derived.  
The gained experience allows directing further research on the 

metal transfer and exploring the possibilities of using this simple 
method for on-line monitoring of the welding process on 
automated and robotized stands. Improved algorithm based on 
brightness-based separation method can automatically locate the 
droplets and compute the droplet size with an adequate accuracy.  
The investigations that were carried out up to date by Lin [12] 
indicated that the average velocity of droplet is 650 mm/s for wire 
1,2 mm at welding current 210 A. The results of present work 
indicate  that  average velocity of droplet is 660.64 mm/s at 
welding current 216 A.  

2.	�Experimental setup and 
procedure

3.	�Results and discussion

3.1.	�Droplet diameter
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transfer mode, a dimensional analysis has been conducted in 
previous studies [6]. Most of recent investigations focused on 
studying the effect of waveform parameters on the mode of metal 
transfer in pulsed gas metal arc welding (GMAW-P) Al–Zn–Mg 
alloy [7] and aluminium [8]. The numerical analysis of metal 
transfer in GMAW-P were carried out and selection of parameters 
of pulsed current gas metal arc welding were used to optimization 
of welding process [9]. Many investigations were carried out up 
to date have covered subject matter of dynamic analysis of metal 
transfer [10]. The metal transfer mode is also an interesting 
subject matter for newly developed welding methods for example 
double electrode gas metal arc welding (DE-GMAW) developed 
at the University of Kentucky [11]. Some studies focused on 
detailed analysis of droplet velocity and developed model based 
only on the electromagnetic pinch force [12]. Further, a non-
isothermal numerical model has been developed to simulate the 
metal transfer process in GMAW. Short circuit gas metal arc 
welding process also cover the subject matter of studies [13]. The 
melting of the wire which is fundamental and influences process 
stability and productivity, has been a main topic of some 
investigations [14]. The hybrid laser-MIG welding methods have 
also been studied by many researchers [15]. 

However, the investigations that were carried out up to date 
have not covered subject matter of mathematic description of 
droplet flight trajectory and droplet velocity. This paper describes 
a mathematical analysis of droplet flight trajectory and droplet 
velocity based on polynomial regression of experimental data. In 
previous investigations, the shadowgraph technique has been used 
to image the metal transfer process using He-Ne laser as a back-
lighting [16]. In this paper an easier method which is only based 
on a narrowband filter and high speed camera is used. 

2. Experimental setup and procedure
The experiments were carried out on an automated welding 

table for GMAW. The experimental platform is shown in Fig. 1. 
The Olympus i-SPEED high speed video camera (HSVC) was 
used during experiments to image and record the metal transfer 
process. The HSVC used a sampling speed of 3000 frame per 
second (fps). A narrowband filter (central wavelength 940 nm) 
was used to reduce the welding arc light brightness. All welds 
were made with a welding gun Miller Roughneck C 4015, using 
1,2 mm (0.045 inch) diameter Quantum ARC 6  
(Hobart Brothers) - carbon steel wire (AWS A5.18, ER70S-6) 
equivalent to SG2. The chemical composition of the welding wire 
is given in Table 1. Pure argon and flow rate of 16 L/min were 
used for shielding. The base metal was mild steel S255 (EN 
10025) of 10 mm thickness.The torch was moved at the travel 
speed 250 mm/min (10 inch/min) to make bead-on-plate welds. 
The work-piece was fixed to the table. Direct current levels in the 
range of 178 - 246 A were examined, all at an operating voltage 
of 32 V. The change of the wire feed rate in the range of 3.81 
m/min to 6.1m/min (150 to 240 inch/min) causes changes in the 
welding current in the range 178 - 246 A. The three-phase 
welding machine Hobart EXCEL – ARC 8065 CC/CV was used. 
The wire feeder was Miller R-115.     

During welding the arc voltage, welding current and wire feed 
speed were continuously measured. The closedloop Hall effect 
current sensor Model CLN-500 was used to measure welding 

current. This sensor provides electrical isolation between the 
current carrying conductor and the output of the sensor. The 
voltage was measured by a resistance bridge directly in the output 
of power supply. The wire feed rate was measured directly in the 
wire feeder Miller R-115. Signals from the welding circuit were 
recorded on the PC through the data acquisition card NI DAQ 
6036E. The signals were recorded at a sampling rate of 40 kHz.
Signals were analysis in Matlab software in time domain. 
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3. Results and discussion

3.1. Droplet diameter 

One of the main goals was to calculate droplet diameter. To 
this end, it was necessary to measure horizontal and vertical 
diameters for each droplet in graphical software Corel. The 
diameter D of the droplet is calculated in two directions 
(horizontal dh and vertical dv diameter) as D=(dh + dv)/2 when the 
droplet to be analyzed reaches a particular location in the image. 
The average diameter was calculated for each set of welding 
parameters using seven image sequences. The lowest and highest 
diameters were not used in the calculation. If the difference 
between horizontal and vertical diameter was higher than 20%, 
next sequence of images was used. The standard error of droplet 
diameter was calculated according to formula 1: 
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where:
SD – standard error of droplet diameter, 
Sd – standard deviation , 
Si - measurement resolution. Si = 0,1 mm. 

The relationship between droplet diameter with standard error 
in dependence of wire feed rate (welding current) is shown in 
Figure 2. As can be seen, the changes in the wire feed speed did 
cause changes in droplet diameter. The diameter decreases when 
the wire feed speed (welding current) increases. The changes 
average 50 % of initial value.     

Fig. 2. Influence of wire speed rate (welding current) on droplet 
diameter 

3.2. Droplet velocity

To estimate the tracking equation of single droplet, a 3rd

degree of polynomial regression was used. After fitting the 
coefficients in the formula of polynomial obtained for wire speed 
200 inch/min (welding current 216 A): 

32
200 00115.006304.020726.000651.0 ttty  [mm]  (2) 

where: 
t – time [ms], 
y – distance along the arc axis from detachment, 

Comparison between measurements (from high speed video) 
and mathematical description is shown in Figure 3 for welding 
wire speed 200 inch/min (5.08 m/min) that corresponds to 
welding current 216 A. As shown in Fig. 3 the mathematical 
formula 3 has a good agreement with the experimental data in the 
whole range. The distance from detachment was measure in 
graphical software Corel based on images of droplets. To estimate 
the velocity of droplet v200 for wire feed speed 200 inch/min, the 
derivative of movement equation 2 can be calculated. To achieve 
the velocity of droplet in mm/s, the formula 2 was multiply 1000 
times. The mathematical description of droplet velocity for wire 
feed speed 200 inch/min is: 

dt
dyv 200

200      -    derivative of movement equation            (3) 

then for welding current 216 A, 

2
200 45.38.12826.207 ttv   [mm/s]                (4) 

Fig. 3. The droplet flight trajectory and droplet velocity for wire 
feed speed 200 inch/min, comparison experimental data with 
mathematical model based on formula 2 and 4   

As shown in Fig. 3 the maximum velocity 1018 mm/s the 
droplet achieve for t=8.3 ms. The average velocity of droplet is 
660.64 mm/s.  

4. Conclusion 
The metal transfer in the GMAW has been analyzed. The 

measurement system was based on a high speed camera which is 
capable of measuring the metal transfer at 3000 frames per 
second. In the paper there were presented influence of wire feed rate 
(welding current) on droplet diameter.  

The following conclusions can be drawn from the 
investigation: 
- measurements of the droplet size have shown that average 

diameter of droplet in the range of wire feed rate from 150 to 
240 inch/min varies in the range of 1,29±0,25 to 0,51±0,15 for 
pure argon shielding gas, 

- to calculate the droplet flight trajectory a 3rd degree
polynomial regression was used, equation 2 and 3 are valid 
for argon as shielding gas      

- to calculate the changes in droplet velocity the derivative of 
movement equation is derived.  
The gained experience allows directing further research on the 

metal transfer and exploring the possibilities of using this simple 
method for on-line monitoring of the welding process on 
automated and robotized stands. Improved algorithm based on 
brightness-based separation method can automatically locate the 
droplets and compute the droplet size with an adequate accuracy.  
The investigations that were carried out up to date by Lin [12] 
indicated that the average velocity of droplet is 650 mm/s for wire 
1,2 mm at welding current 210 A. The results of present work 
indicate  that  average velocity of droplet is 660.64 mm/s at 
welding current 216 A.  

3.2.	�Droplet velocity
4.	�Conclusions
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