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CHAPTER 1 INTRODUCTION 

1.1 Background  

 

This dissertation research is part of a project that aims at providing an innovative gas 

metal arc welding process. This project is to (1) test the hypothesis that low but 

adaptively adjusted power laser spots can be used to fully control the gas metal arc 

welding (GMAW) process so that the droplet of melted wire metal can be detached to 

achieve the desired droplet mass/diameter, impact speed, trajectory with whatever the 

current/arc pressure used; (2) test the hypothesis through a selected case that a fully 

controlled GMAW process has the potential to produce GTA (gas tungsten arc) class 

welds; (3) establish the knowledge base needed to build next generation GMAW 

machines for the fully controlled GMAW process so that GTA class welds can be 

produced at much higher GMAW class productivity. To demonstrate the urgent demand 

on this fully controlled GMAW process, conventional GMAW process needs to be 

analyzed first in comparison with GTA welding (GTAW). 

In GMAW as illustrated in Fig. 1-1(a), a mandatory wire is fed to the contact tube which 

is typically connected to the positive terminal of the power supply. The shielding gas is 

supplied to surround the wire and is restricted by the nozzle to deliver to the local area 

which surrounds the wire. When the wire touches the negatively charged work piece 

(connected to the negative terminal of the power supply), the tip of the wire is rapidly 

burnt forming a gap between the wire and the work piece and an arc is ignited across this 

gap. The arc melts the wire and melted metal forms a droplet at the tip of the wire; after 

the droplet is detached, a new droplet starts to form and a new cycle starts. This metal 

melting and droplet forming, growing, detaching, and traveling process is referred to as 

the metal transfer process. The metal transfer process plays the most critical role in 
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determining/controlling the weld quality because the stability of the arc, the amount of 

spatters, and the heat, force and mass inputs are all related to metal transfer process.  

 

Direction of
welding

Current
conductor

Shielding
gas in

Nonconsumable
tungsten electrode
Gas shield

Arc

Solidified
weld metal

Gas
nozzle

Power
source

Weld poolBase metal

TORCH

 

                                   (a)                                                               (b) 

Fig. 1-1 Illustration of GTAW and GMAW processes and weld penetration 

(a) GMAW and partial penetration        (b) GTAW and full penetration 

However, in GTAW as shown in Fig. 1-1(b), an arc is established between the non-

consumable tungsten electrode and work piece (also referred to as base metal depending 

on the content and author’s preference). The base metal is melted by the arc and forms a 

liquid weld pool which joins the two pieces of base metal together after solidification. An 

optional filler metal (not shown in Fig. 1-1(b)) can be added if necessary but is melted by 

the arc column rather than one of the two arc spots. The optional filler is not one of the 

arc terminals and there is no metal transfer process as in GMAW which affects the arc 

stability and production of quality welds in a significant way. The GTAW process is thus 

simple and stable and can produce high quality welds. However, its productivity in filling 

a joint/groove as required in many welding applications is low because the efficiency of 

arc column in melting filler metal is very low.  

A controlled GMAW process may produce GTA class weld quality in much higher 

productivity. We see that the control of future GMAW process must have three levels. 
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The basic level of control is provided by the power supply itself so that the melting speed 

is balanced with the feeding speed [1-3]. At the second level, the welding parameters are 

selected to deliver the desired process characteristic outputs (process variables hereafter) 

which directly determine/control the weld quality such as the weld joint penetration. At 

the third level of control, the weld quality related variables which specify the weld 

quality are directly controlled by adjusting the process variables. Current GMAW 

machines can deliver the desired electrical variables but these electrical variables are not 

the process variables which can directly control/determine the ultimate weld quality. 

Basically, as can be seen in Fig. 1-2, its metal transfer mode that determines the arc 

stability and weld quality depends on the current used. Based on careful analysis of the 

GMAW process, we propose the following major process variables: arc heat q , arc force 

f , and droplet mass m , denoted as u = Tmfq ),,( . Here u  (typically used to represent 

inputs in literature) is used to denote the process variables because these variables are the 

control variables or inputs in the third level of control. The goal of our project is to 

provide a fully controlled GMAW process which can assure that the desired u= Tmfq ),,(  

can be achieved so that they can be freely adjusted to produce the desired weld quality in 

the third level of control.    

Now the controllability issue of GMAW process becomes clear: (1) the process variables 

include metal transfer related variables MTu m=  and arc related variables T
arc fqu ),(=


; 

(2) while arcu  is directly determined by the welding parameters (electrical variables), 

these welding parameters also determine MTu ; (3) the coupling of MTu  with arcu  restricts 

the free control of both them. That is, unless an innovative, acceptable modification is 

proposed, at its present form the GMAW process is not fully controllable so that it can 

deliver whatever needed values for all variables in u = Tmfq ),,( to control the weld 

quality. 
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Fig. 1-2 Transfer mode for continuous waveform current [4] 
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Fig. 1-3 The integrated torch proposed 

The method proposed as the end product of this project is to use two symmetrically 

installed pulsed laser spots as shown in Fig. 1-3 to generate the needed detaching force in 

time to detach the droplet at whatever, possibly low, current. Using this method, 

whenever a droplet needs to be detached, two pulsed laser spots with adaptively adjusted 

powers can be applied onto the droplet so that the droplet is detached with the desired 

MTu  from the wire at whatever the actual arcu  used. In particular, the power of each laser 

spot can be separately adjusted to control the amplitude and direction of the detaching 

force added through the laser spots. The amplitude and direction of the added detaching 

force can be determined based on the needed droplet impact speed and trajectory, and the 

electromagnetic force which is determined by the current level and droplet mass. As a 

result, the welding current can be determined based on the needed arcu  and the needed 

MTu  are then controlled by adjusting the laser spots’ powers and their firing timing.  The 

GMAW process can thus become fully controlled.  

At the University of Kentucky, the first part of the project has been recently done by 

projecting a 1 kW laser stripe of 14 mm x 1mm onto the droplet [5-7]. The feasibility of 

the method proposed for this project is experimentally verified. The length of the laser 

stripe is aligned with the wire and droplet. While this alignment provides an easy way to 

apply the force from the laser on the right location where the detaching force can be 

effectively utilized, out of this 1 kW laser energy, only a small fraction is effectively 
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utilized. The rest is wasted and is adversely applied on the work-piece. Further, to assure 

the laser is applied when it is needed, the laser is continuously applied. The laser energy 

is further wasted and adversely applied onto the work-piece. More critically, because of 

the presence of the continuous force due to the laser, the detachment occurs anytime 

when the surface tension is balanced out by the combined detaching force due to the laser, 

droplet mass (gravitational force) and electromagnetic force. The detachment time and 

mass are not controlled although smaller droplets can be detached with relatively small 

currents.  

1.2 Objective and Focus 

The objective of the present dissertation research is to move one step toward the goal of 

the entire project, i.e., to apply a pulsed laser spot onto the droplet at the right location 

where the detaching force from the laser is needed and at the right time when the 

detaching force from the laser is needed. This can eliminate the waste of the laser energy 

and the effect of the unintentional laser application on the work-piece and provide 

accurate control on the droplet mass and detaching time. 

To realize the objective, a pulsed laser-enhanced GMAW process is developed as the 

second part of the project. In this process, the metal transfer process is monitored in real-

time. When the droplet enters the location the laser aims at, a laser pulse is applied. To 

reduce the need for laser energy to a level achievable using our existing spot laser, the 

current is pulsed simultaneously with the laser. To make sure the pulses of the laser and 

current are correctly synchronized, the monitoring of the metal transfer process is done 

using high speed imaging system and real-time image processing algorithm. The accurate 

monitoring of the droplet using the image method can eliminate the effect of the 

variations in the wire feed speed, melting speed, and contact-tube-to-work distance such 

that the synchronization can be accurately assured.    

1.3 Dissertation structure 

This dissertation has an organizational structure which is listed below. 
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Chapter 1 gives an introduction about the background and motivation of the project. 

Chapter 2 reviews the metal transfer in the GMAW process and existing control 

technologies. 

Chapter 3 introduces the control methods proposed for the pulsed laser-enhanced GMAW.  

Chapter 4 presents the construction and the hardware of the developed laser-enhanced 

GMAW system. 

Chapter 5 introduces the high speed image processing algorithms used to analyze the 

images and extract the important information about the droplet. 

Chapter 6 introduces the machine vision based control system which controls the metal 

transfer in the pulsed laser-enhanced GMAW. 

Chapter 7 presents the experiments that verify the effectiveness of the metal transfer 

control system and the laser in the laser-enhanced GMAW. 

Chapter 8 illustrates that the laser can help transfer the droplets with reduced peak current 

that is lower than the transition current. 

Chapter 9 concludes the dissertation with future work. 

References are listed at the end of the dissertation. 
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CHAPTER 2 Metal Transfer  

GTAW 

Gas Tungsten Arc Welding (GTAW), also known as tungsten inert gas (TIG) welding, is 

an arc welding process that uses an arc between a tungsten electrode and the weld pool to 

heat and melt the work-piece. The weld pool and solidified area are protected with 

shielding gas. The process may be used with or without filler metal. Figure 2-1 shows its 

principle.   

 

Fig. 2-1 Illustration of GTAW 

The GTAW process uses a non-consumable tungsten electrode that is fixed in a torch. 

Shielding Gas is fed through the torch when the arc is established. Inert gas is used as the 

shielding gas in order to protect the electrode and the weld pool from contamination. The 

current passes through the electrode, the ionized conductive shielding gas and finally 

reach the base metal, thus an arc is established. The arc generates enough heat and melts 

the base metal. The torch will then move along the weld seam. 
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   The advantages of the GTAW include: 

1. Producing superior quality welds, generally free of defects. 

2. Free of spatters which typically occur in other arc welding processes. 

3. Allowing for excellent control of root pass weld penetration. 

4. Allowing precise control on welding variables. 

   The limitations of the GTAW: 

1. Deposition rates are lower than those possible with consumable electrode arc 

welding processes such as gas metal arc welding (GMAW) and its variants. 

2. There is a need for slightly more dexterity and welder skill than with Gas Metal 

Arc Welding and shielded metal arc welding for manual welding. 

3. It is less economical than the consumable electrode arc welding processes for 

thicker sections greater than 3/8 in. 

4. There is a difficulty in shielding the weld zone properly in drafty environments. 

 

GMAW 

Gas metal arc welding (GMAW), also known as MIG (metal inert gas) welding, is a 

semi-automatic or automatic arc welding process in which a continuous and consumable 

wire electrode and a shielding gas are fed through a welding gun. The principles of gas 

metal arc welding began to be understood in the early 1800s, after Humphry Davy's 

discovery of the electric arc in 1800. Initially, carbon electrodes were used, but by the 

late 1800s, metal electrodes had been invented by N.G. Slavianoff and C. L. Coffin. In 

1920, an early predecessor of GMAW was invented by P. O. Nobel of General Electric. It 

used a bare electrode wire and direct current, and used arc voltage to regulate the feed 

rate. It did not use a shielding gas to protect the weld, as developments in welding 

atmospheres did not take place until later that decade. In 1926 another forerunner of 

GMAW was released, but it was not suitable for practical use [8-9, 14].  

It was not until 1948 that GMAW was finally developed by the Battelle Memorial 

Institute. It used a smaller diameter electrode and a constant voltage power source, which 
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had been developed by H. E. Kennedy. It offered a high deposition rate, but the high cost 

of inert gases limited its use to non-ferrous materials and cost savings were not obtained. 

In 1953, the use of carbon dioxide as the shielding gas was developed, and it quickly 

gained popularity in GMAW, since it made welding steel more economical. In 1958 and 

1959, the short-arc variation of GMAW was released, which increased welding versatility 

and made the welding of thin materials possible while relying on smaller electrode wires 

and more advanced power supplies. It quickly became the most popular GMAW 

variation. The spray-arc transfer variation was developed in the early 1960s, when 

experimenters added small amounts of oxygen to inert gases. More recently, pulsed 

current has been applied, giving rise to a new method called the pulsed spray-arc 

variation [9, 13-15]. 

GMAW is currently one of the most popular welding methods, especially in industrial 

environments. It is adopted extensively by the sheet metal industry and, by extension, the 

automobile industry where it is often used to do arc spot welding, thereby replacing 

riveting or resistance spot welding. It is also popular in robotic welding, in which robots 

carry the welding torch to quicken the manufacturing process [8, 10, 13-15].  

Generally, it is unsuitable for welding outdoors, because the movement of the 

surrounding atmosphere can dissipate the shielding gas and thus make welding more 

difficult, while also decreasing the quality of the weld [8, 10, 13-15]. This problem can 

be alleviated to some extent by increasing the shielding gas output, but this can be 

expensive and may also affect the quality of the weld. In general, processes such as 

shielded metal arc welding and flux cored arc welding are preferred for welding outdoors, 

making the use of GMAW in the construction industry rather limited. Furthermore, the 

use of a shielding gas makes GMAW an unpopular underwater welding process, and for 

the same reason it is rarely adopted in space applications.  

In GMAW process as illustrated in Fig. 2-2 [8], a mandatory wire is fed to the contact 

tube which is typically connected to the positive terminal of the power supply. When the 

wire touches the negatively charged work piece, the tip of the wire is rapidly burnt 

forming a gap between the wire and the work piece and an arc is ignited across this gap. 

The arc melts the wire and melted metal forms a droplet at the tip of the wire; after the 
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droplet is detached, a new droplet starts to form and a new cycle starts. This metal 

transfer process is subject to periodic change in the arcing conditions and plays the most 

critical role in determining/controlling the weld quality in GMAW. To produce high 

quality welds similarly as the gas tungsten arc welding (GTAW) where the arcing 

conditions are stationary, the metal transfer needs to be appropriately controlled.   

 

Fig. 2-2 Illustration of GMAW process 

As GMAW is a focus topic in welding research and application, there are many aspects 

which need special work. Hereby, basic variables will be introduced for the later analysis. 

2.1 Basic variables in GMAW 

There are a number of basic variables of GMAW which affect metal transfer, weld 

penetration, bead geometry and overall weld quality. They usually have strong coupling 

relationship implying that they influence each other significantly [8-10, 13-15]. 

Current Density: Current density is defined as the current employed with a particular 

electrode diameter divided by its current carrying cross-sectional area. If the wire feed 
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speed is low with other parameter the same, then the current density will be low, and vice 

versa. Lower current density applied to a given electrode is associated with the short-

circuit mode of metal transfer. At the same time, higher current density is associated with 

the higher energy modes of metal transfer: globular, axial spray transfer or the more 

advanced pulsed spray metal transfer. 

Welding Current: When all other variables are held constant, the welding current varies 

with the electrode feeding speed or melting rate in a nonlinear relation. Generally 

speaking, for a chosen filler wire, welding current increases itself along with the 

increment of wire feeding speed. The upper limit of the welding current permitted is 

often regulated by the material and geometry of base metal in order to prevent burn 

through.  

Electrode Efficiencies: Electrode efficiency refers to the percentage of electrode that 

actually ends up in the weld deposit. Spatter levels, smoke, and slag formers affect the 

electrode efficiency in GMAW. The electrode efficiency is a numeric value that is 

assigned to the particular mode of metal transfer. 

Polarity: Polarity is used to describe the electrical connection of the welding torch with 

relation to the terminals of a direct current power source. When the torch power lead is 

connected to the positive terminal, the polarity is designated as direct current electrode 

positive (DCEP), also called reverse polarity. When the torch is connected to the negative 

terminal, the polarity is designated as direct current electrode negative (DCEN), 

originally called straight polarity [15]. 

Arc Voltage: Arc voltage and arc length are terms that are often used interchangeably 

because of their linear relationship. With GMAW, arc length is a critical variable that 

must be fully controlled [8].  

Travel speed: Travel speed is the linear rate at which the arc is moved along the weld 

joint.With all other conditions held constant, weld penetration is maximum at an 

intermediate travel speed. [8-10, 13-16]. 
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Deposition Rate: The melt-off rate for a particular electrode does not include 

consideration for the efficiency of the mode of metal transfer or the process. Its interest is 

in how much electrode is being melted. Deposition rate is applied to the amount of 

electrode, measured in wire fed per unit of time, that is fed into the molten puddle. 

Importantly, its value reflects the use of the factor for electrode efficiency. 

Electrode Extension

 

: The electrode extended from the end of the contact tip to the arc is 

properly known as electrode extension. The popular non-standard term is electrical stick-

out (ESO). In GMAW, this is the amount of electrode that is visible to the welder. The 

electrode extension includes only the length of the electrode, not the extension plus the 

length of the arc. The use of the term electrode extension is more commonly applied for 

semiautomatic welding than it is for robotic or mechanized welding operations. Fig. 2-3 

shows the scheme image of electrode extension in GMAW. 

Fig. 2-3 Electrode extension 

Besides, other parameters such as electrode orientation and shielding gas are also 

important which influence the process significantly.  
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2.2 Metal Transfer in GMAW 

In GMAW, the electrode wire melts forming a droplet at its end and the droplet 

eventually transfers into the base metal. This periodical metal melting and droplet 

forming, growing, detaching, and traveling process is traditionally referred to as the metal 

transfer process.  

The American Welding Society classifies the metal transfer into three major types/modes: 

short-circuiting, globular, and spray [8]. Metal transfer modes are affected by several 

operational factors, such as welding current, composition of shielding gas, wire extension, 

the ambient pressure, active elements in the electrode, polarity, and welding material [16-

19]. Of all of these, welding current is the most important factor to determine the metal 

transfer mode. When a continuous waveform current is used and the current is small, the 

droplet may not be detached until the droplet contacts the weld pool. This transfer mode 

is referred as short-circuiting transfer. If the welding current increases or the arc length 

increases, the droplet will gradually grow until the gravitational force could not balance 

the surface tension, and then the droplet will detach. This transfer mode is globular 

transfer. When the current further increases, the electromagnetic force may become a 

sufficiently large enough detaching force to detach the droplets whose diameter is similar 

(drop spray) to or much smaller (streaming spray) than that of the electrode wire. The 

metal transfer modes were widely studied in the literatures [19-21]. Metal transfer control 

was also a focus in the research community [22-25]. The International Institute of 

Welding (IIW) further classifies globular transfer into Drop Globular and Spelled 

Globular [21, 26]. The IIW classification of metal transfer is shown in Table 2-1 [21, 37]. 

– Given this table below 
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Table 2-1 Classification of Metal Transfer in GMAW 

Metal Transfer Mode Sketch ExAles 

1. Free Flight 
Transfer 

 

1.1 Globular 1.1.1Drop 

 

Low Current 
GMAW 

1.1.2 Repelled 

 

CO2 Shield 
GMAW 

1.2 Spray 

1.2.1 Projected 

 

Intermediate 
Current GMAW 

1.2.2 Streaming 

 

Medium-Current 
GMAW 

1.2.3 Rotating 

 

 

High-Current 
GMAW 

1.3 Explosive  SMA (Coated 
Electrode) 
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Fig. 8-3(a)                                                                    
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                                                          Fig. 8-3(b) 

Fig. 8-3 Typical two consecutive cycles in experiment 3 with 140 amp peak current. (a) 

Cycle one; (b) Cycle two.   
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Fig. 8-4(a)  
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                                                          Fig. 8-4 (b) 

Fig. 8-4 Typical two consecutive cycles in experiment 4 with 135 amp peak current. (a) 

Cycle one; (b) Cycle two.   
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8.2 Discussion 

 As can be seen, the pulsed laser-enhanced GMAW successfully reduces the peak current 

from 160 amp to 135 amp. This reduction is achieved using the present system developed 

in this dissertation in which a 50 watt laser is used. This reduction is similar to that 

achieved in the previous effort by Huang [5-7] in his dissertation research as the first 

effort in laser-enhanced GMAW. He used the same wire (material and diameter). The 

laser he used is a continuous 1 kW laser but the effective laser power was approximately 

850 watts and the length of the laser stripe was 14 mm. For the droplet detached, the 

length of the droplet along which the laser stripe is intercepted may be considered 1.0 

mm approximately. The effective power projected on the droplet is thus approximately 

60 watts, similar to that used in this dissertation. This dissertation thus verifies that the 

pulsed laser has approximately the same effect for the detachment enhancement. 

Continuous application of the laser is thus not necessary. Further, the continuous 

application produces unintentional adverse effects including over-heating the droplet, 

generating extra fume, and wasting energy.  

 

The reduction for the peak current from 160 amp to 135 amp is determined by the laser 

power used. Based on the positive definite verification for the effectiveness of pulsed 

laser and real-time image processing based control, the University of Kentucky has 

recently ordered a pulsed laser with 200 W average but 1.5 kW peak power. The new 

laser may be directly integrated into the present system developed in this dissertation to 

see how much the peak current may be further reduced.  

 

Previous efforts by Huang [5-7] have shown that the laser enhances the detachment by its 

recoil force when the laser vaporizes part of the metal. Arc also vaporizes the droplet 

metal due to its extremely high temperature at the anode. This vaporization increases with 

the anode power which increases linearly with the current. However, the recoil force due 

to arc caused evaporation is against the detachment. One may expect that the increase in 
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the evaporation due to the laser application should be smaller than the reduction in the arc 

caused evaporation due to the reduction in the current. As can be see, a 50 watt laser 

reduces the peak current by 25 amp. For the anode of a steel wire, its voltage is 10 volt 

[3]. The reduction in the anode power is thus 250 watts. The net vapors thus should be 

reduced.  

 

The recoil force of the laser increases more than linearly with the laser power intensity 

intercepted by the droplet [5-8]. Hence, increasing the peak laser power is expected to 

reduce the peak current needed to detach the droplet. With 1.5 kW peak laser power, it is 

expected that the final goal for the project to detach the droplet at any (reasonable) size at 

any (reasonable) arc variables (welding current) may be realized. From this point of view, 

this dissertation research for pulsed laser-enhanced GMAW using a pulsed laser spot 

established the foundation to lead to the ideal laser-enhanced GMAW.   
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CHAPTER 9 Conclusions and future work 

9.1 Conclusions 

In the newly developed laser enhanced gas metal arc welding process, a laser is applied to 

provide an auxiliary detaching force to help detach the droplet such that welding may be 

made in gas tungsten arc welding high quality at GMAW high speeds. To this end, the 

state of the droplet development needs to be closely monitored in real-time. Since the 

metal transfer is an ultra-high speed process and the most reliable method to monitor 

should be based on visual feedback, a high imaging system has been proposed to monitor 

the real-time development of the droplet. A high-speed image processing system has been 

developed to real-time extract the developing droplet. A closed-loop control system has 

been established to use the real-time imaging processing result on the monitoring of the 

developing droplet to determine if the laser peak pulse needs to be applied. Experiments 

verified the effectiveness of the proposed methods and established system. A controlled 

novel process – controlled laser-enhanced GMAW - is thus established to produce high-

quality welds at GMAW speeds. 

 

The main conclusions and contributions of this thesis can be concluded: 

1. The continuous laser used in the previously developed system has several disadvantages 

including unnecessary overheating, excessive fume, and waste of laser energy. 

2. Although the laser line used in the previous system eases the alignment of the laser with 

the droplet, majority of the laser is projected onto the weld pool. Laser energy is wasted 

and produces unintentional adverse effects on the weld pool. 

3. Pulsed laser enhanced GMAW process with a small laser spot eliminates most of the 

problems with the previous system including overheating, excessive fume, energy waste, 

and side effects on the weld pool. The pulsed laser-enhanced GMAW with a small laser 

spot should be the ideal choice for the laser enhanced GMAW. 
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4. Pulsed laser enhanced GMAW is a controlled process that relies on accurate real-time 

machine vision feedback and corresponding synergistical controls to function. 

5. This research established the foundation to operate the ideal laser enhanced GMAW 

process. 

6. It is found that pulsing is the same effective as the application of a continuous laser. In 

addition, pulsed laser increases the control accuracy for the droplet detachment and 

droplet size. 

7. For the used small spot laser of 50 watt power, the peak current needed to detach the 

droplet is reduced from 160A to 135A, i.e., by 16%.  
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9.2 Future work 

1. A pulsed laser with a greater power is needed to further reduce the peak current needed 

for the detachment. 

2. When microprocessor’s computation power significantly improves, the advanced control 

proposed including droplet size/mass control should be implemented. 

3. The pulsed laser enhanced GMAW with advanced controls and greater laser power 

should be compared with GTAW for quality and productivity. 

4. A more advanced torch with two laser heads attached and be applied from inside of the 

torch is needed to precisely control the size/mass and trajectory of the droplets. 
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