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ABSTRACT 

 
Hybrid welding combines a laser beam and electrical arc in order to join metals 

within a single pass at welding speeds on the order of 1 m min-1.  Neither autonomous 

laser nor arc welding can achieve the weld geometry obtained from hybrid welding for 

the same process parameters.  Depending upon the process parameters, hybrid weld depth 

and width can each be on the order of 5 mm.  The ability to produce a wide weld bead 

increases gap tolerance for square joints which can reduce machining costs and joint 

fitting difficulty.  The weld geometry and fast welding speed of hybrid welding make it a 

good choice for application in ship, pipeline, and aerospace welding.   

Heat transfer and fluid flow influence weld metal mixing, cooling rates, and weld 

bead geometry.  Cooling rate affects weld microstructure and subsequent weld 

mechanical properties.  Fluid flow and heat transfer in the liquid weld pool are affected 

by laser and arc energy absorption. The laser and arc generate plasmas which can 

influence arc and laser energy absorption.  Metal vapors introduced from the keyhole, a 

vapor filled cavity formed near the laser focal point, influence arc plasma light emission 

and energy absorption.  However, hybrid welding plasma properties near the opening of 

the keyhole are not known nor is the influence of arc power and heat source separation 

understood.  A sound understanding of these processes is important to consistently 

achieving sound weldments. 

By varying process parameters during welding, it is possible to better understand 

their influence on temperature profiles, weld metal mixing, cooling rates, and plasma 

properties.  The current literature has shown that important process parameters for hybrid 

welding include: arc power, laser power, and heat source separation distance.  However, 

their influence on weld temperatures, fluid flow, cooling rates, and plasma properties are 

not well understood.  Modeling has shown to be a successful means of better 

understanding the influence of processes parameters on heat transfer, fluid flow, and 

plasma characteristics for arc and laser welding.  However, numerical modeling of 

laser/GTA hybrid welding is just beginning.   

Arc and laser welding plasmas have been previously analyzed successfully using 

optical emission spectroscopy in order to better understand arc and laser plasma 
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properties as a function of plasma radius.  Variation of hybrid welding plasma properties 

with radial distance is not known.  Since plasma properties can affect arc and laser energy 

absorption and weld integrity, a better understanding of the change in hybrid welding 

plasma properties as a function of plasma radius is important and necessary.   

Material composition influences welding plasma properties, arc and laser energy 

absorption, heat transfer, and fluid flow.  The presence of surface active elements such as 

oxygen and sulfur can affect weld pool fluid flow and bead geometry depending upon the 

significance of heat transfer by convection.  Easily vaporized and ionized alloying 

elements can influence arc plasma characteristics and arc energy absorption.  The effects 

of surface active elements on heat transfer and fluid flow are well understood in the case 

of arc and conduction mode laser welding.  However, the influence of surface active 

elements on heat transfer and fluid flow during keyhole mode laser welding and laser/arc 

hybrid welding are not well known.  Modeling has been used to successfully analyze the 

influence of surface active elements during arc and conduction mode laser welding in the 

past and offers promise in the case of laser/arc hybrid welding. 

A critical review of the literature revealed several important areas for further 

research and unanswered questions.  (1) The understanding of heat transfer and fluid flow 

during hybrid welding is still beginning and further research is necessary.  (2)  Why 

hybrid welding weld bead width is greater than that of laser or arc welding is not well 

understood.  (3)  The influence of arc power and heat source separation distance on 

cooling rates during hybrid welding are not known.  (4) Convection during hybrid 

welding is not well understood despite its importance to weld integrity.  (5) The influence 

of surface active elements on weld geometry, weld pool temperatures, and fluid flow 

during high power density laser and laser/arc hybrid welding are not known.  (6) 

Although the arc power and heat source separation distance have been experimentally 

shown to influence arc stability and plasma light emission during hybrid welding, the 

influence of these parameters on plasma properties is unknown.  (7) The electrical 

conductivity of hybrid welding plasmas is not known, despite its importance to arc 

stability and weld integrity. 

In this study, heat transfer and fluid flow are analyzed for laser, gas tungsten arc 

(GTA), and laser/GTA hybrid welding using an experimentally validated three 
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dimensional phenomenological model.  By evaluating arc and laser welding using similar 

process parameters, a better understanding of the hybrid welding process is expected.  

The role of arc power and heat source separation distance on weld depth, weld pool 

centerline cooling rates, and fluid flow profiles during CO2 laser/GTA hybrid welding of 

321 stainless steel are analyzed.  Laser power is varied for a constant heat source 

separation distance to evaluate its influence on weld temperatures, weld geometry, and 

fluid flow during Nd:YAG laser/GTA hybrid welding of A131 structural steel.  The 

influence of oxygen and sulfur on keyhole and weld bead geometry, weld temperatures, 

and fluid flow are analyzed for high power density Yb doped fiber laser welding of (0.16 

%C, 1.46 %Mn) mild steel. 

Optical emission spectroscopy was performed on GTA, Nd:YAG laser, and 

Nd:YAG laser/GTA hybrid welding plasmas for welding of 304L stainless steel.  

Emission spectroscopy provides a means of determining plasma temperatures and species 

densities using deconvoluted measured spectral intensities, which can then be used to 

calculate plasma electrical conductivity.  In this study, hybrid welding plasma 

temperatures, species densities, and electrical conductivities were determined using 

various heat source separation distances and arc currents using an analytical method 

coupled calculated plasma compositions. 

As a result of these studies heat transfer by convection was determined to be 

dominant during hybrid welding of steels.  The primary driving forces affecting hybrid 

welding fluid flow are the surface tension gradient and electromagnetic force.  Fiber laser 

weld depth showed a negligible change when increasing the (0.16 %C, 1.46 %Mn) mild 

steel sulfur concentration from 0.006 wt% to 0.15 wt%.  Increasing the dissolved oxygen 

content in weld pool from 0.0038 wt% to 0.0257 wt% increased the experimental weld 

depth from 9.3 mm to 10.8 mm.  Calculated partial pressure of carbon monoxide 

increased from 0.1 atm to 0.75 atm with the 0.0219 wt% increase in dissolved oxygen in 

the weld metal and may explain the increase in weld depth.  Nd:YAG laser/GTA hybrid 

welding plasma temperatures were calculated to be approximately between 7927 K and 

9357 K.  Increasing the Nd:YAG laser/GTA hybrid welding heat source separation 

distance from 4 mm to 6 mm reduced plasma temperatures between 500 K and 900 K.  



 vi

Hybrid welding plasma total electron densities and electrical conductivities were on the 

order of 1 x 1022 m-3 and 3000 S m-1, respectively.   
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Chapter 1 
 

INTRODUCTION 
 

1.1 General background 
 

 Hybrid welding is the process of joining two materials/workpieces using a laser 

and electrical arc to produce a structurally sound component.  Welding results in heating, 

subsequent melting, and solidification as the heat sources traverse the workpiece.1-3  Most 

of the previous research on hybrid welding has focused on its benefits compared to arc 

and laser welding.  Deep weld penetration, a wide weld pool (can be on the order of 4 to 

5 mm given the process parameters) , and a reduced propensity for porosity are a few of 

the attractive features of hybrid welding.1  The benefits of hybrid welding arise due to the 

interaction of the heat source with the workpiece material and with each other. 

The interaction of the laser and arc with the welded material results in a number 

of physical processes including: keyhole formation,4-6energy absorption,2, 4, 6-7 alloying 

element vaporization,2-3, 8-9 plasma formation,2-3, 10-11 heat transfer, and fluid flow.2, 5, 12-14  

However, unlike lone laser or arc welding, hybrid welding involves a synergy between 

the two heat sources which is caused by metal vapors forming due to the high power 

density laser beam.  A deep and narrow vapor filled cavity called a keyhole forms 

allowing for a much deeper weld penetration to be obtained as compared to arc welding 

alone.2, 6, 13, 15  Depending upon the process parameters, arc weld pool penetration can be 

on the order of 0.5 to 1 mm compared to 4 to 10 mm for hybrid welding.  Metal vapors 

leaving the laser generated keyhole is the primary source of the laser-arc synergy when 

the arc and laser beam are in close proximity.3, 5, 16-17  Arc plasma electrical conductivity, 

thermal conductivity, and arc stability are enhance by the metal vapors.5, 16, 18-19  The peak 

arc power density and melting efficiency increase due to the presence of metal vapors in 

the arc plasma.3, 7, 20  In addition, the high local vaporization rates of alloying elements 

close to the keyhole provide a location of relatively high electrical conductivity.  Since 

the arc travels along the path of least electrical resistance, the arc tends to bend, and the 

root forms within close proximity of the keyhole.3  These important processes are 

dependent upon the welding parameters and plasma characteristics. 



 2

The transfer of heat in the weld by conduction and convection determines the 

weld temperature profile, weld pool shape, and cooling rates.  Liquid metal weld pool 

circulation is influenced by several driving forces: buoyancy, surface tension, 

electromagnetic, and plasma shear or frictional.2, 14-15, 21  Previous research22-25 has shown 

that when convective heat transport is significant, surface active elements (e.g. sulfur and 

oxygen) affect the aspect ratio of the transverse weld cross section and the direction of 

fluid flow in the weld pool.  The effect of surface active elements on fluid flow has been 

analyzed for arc26-31 and conduction mode laser welding.22, 32  The influence of surface 

active elements on weld pool temperatures and fluid flow during high power density laser 

and hybrid welding are not well understood.24, 33-35  It has been experimentally observed 

during laser and hybrid welding24-25, 36-37 that increasing surface active element 

concentration in the base metal increases weld depth.  The increase in weld depth was not 

related to the presence of the arc during hybrid welding.24-25, 36-37  Since surface active 

elements can be present in steels, the effect of surface active elements during laser and 

laser-arc hybrid welding is important to understand.   

Previous experimental research has analyzed hybrid weld top surface fluid flow 

using markers (elements whose motion can be traced along the weld surface) via high 

speed video imaging.24, 35  These studies have been able to provide an idea of the fluid 

flow direction at the weld pool top surface.  However, high speed video imaging can not 

provide a three-dimensional fluid velocity profile for the entire weld.  The fluid flow 

direction and magnitudes for the entire weld, not simply at the weld pool top surface, 

needs to be understood in order to realize the weld cross section shape.  Since convection 

plays an important role in dictating weld shape, it is important to understand the three 

dimensional fluid flow inside the weld pool.  Transport phenomena based models have 

been successful in the past at evaluating fluid flow in three dimensions for the entire weld 

pool during arc and laser welding.13, 22, 38-39 

Weld temperature fields are important to determining alloying element 

vaporization rates, which can influence plasma characteristics and weldment 

composition.8-9, 40  Temperature fields can be used to determine cooling rates and fusion 

zone geometry.  Knowledge of hybrid welding cooling rates is important to 

microstructure development.  A quantitative understanding of the weld pool temperature 
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fields and cooling rates during hybrid welding are not known.  High temperatures and the 

presence of plasma make measuring weld pool temperatures difficult during hybrid 

welding.41  To overcome these issues, transport phenomena based numerical models have 

been successfully utilized for other types of welding in the past.  For example, laser and 

arc welding have been extensively evaluated for a number of important structural 

materials.4, 6, 9, 38-39  These studies have provided important data on keyhole stability, weld 

thermal cycles, and fusion zone geometry.  The current transport phenomena based 

modeling of hybrid welding is lacking validation, applicability, and consideration of the 

important laser-arc interaction.42-43  An experimentally validated thermo-fluid model 

which considers the effects of the laser-arc interaction for analyzing heat transfer and 

fluid flow during hybrid welding is necessary. 

Hybrid welding plasma characteristics near the keyhole opening are not well 

understood as a function of important process parameters such as laser power, arc 

current, or heat source separation distance.44-47  The keyhole is the source of metal vapors 

which can influence plasma species number densities and electrical conductivity, yet the 

plasma properties in this region are not known.  Heat source separation distance affects 

the amount of metal vapors entering the plasma near the arc.  If the arc is not within close 

proximity of the keyhole, metal vapors are less likely to enhance arc stability.  It has been 

observed that beyond a critical separation distance, the laser-arc synergy during hybrid 

welding ceases.  Similarly, laser power density influences metal vapor concentrations 

local to the keyhole and plasma electrical conductivity.  Arc current can influence plasma 

temperature, electrical conductivity, arc stability, and weld integrity.   

Heat transfer, fluid flow, and plasma properties are intertwined during hybrid 

welding.7, 20, 44  For example, the arc affects weld pool width, melting efficiency, and 

weld cooling rates during hybrid welding.1  The arc can not provide these benefits if it 

lacks stability.  Since arc stability is dependent upon plasma characteristics, knowing 

hybrid welding plasma characteristics as a function of laser power, arc current, and heat 

source separation distance is necessary for a better understanding of arc stability during 

hybrid welding.   

Optical emission spectroscopy has previously been successfully used to analyze 

arc48-52 and laser8, 10-11, 53 welding plasmas.  The current understanding of hybrid welding 
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plasma temperatures is based upon average temperatures for the bulk plasma.44-46 Since 

plasma temperatures can vary on the order of several thousand Kelvin over the plasma 

radius,17 it is important to understand the variation of plasma temperatures over the 

plasma radius.  Bulk data can not provide information about how temperature varies with 

location in the plasma.  The local plasma temperature determines the extent of ionization 

of the plasma and the equilibrium number density of atoms, ions, and electrons.17  These 

particles affect plasma electrical conductivity, arc stability, and weld integrity.  Hence, it 

is important to realize how plasma temperatures vary radially in the plasma.   

Hybrid welding plasma is composed primarily of shielding gas and metal vapors.  

The concentrations of metal vapors in the plasma are influenced by the vaporization rates 

of alloying elements from the workpiece.  Metal vaporization rates during hybrid welding 

are not known and are dependent upon temperature profiles.  The influence of heat source 

separation distance and arc current on hybrid weld temperature profiles is not known.  

Increasing the concentration of metal vapors in arc plasmas has shown to increase plasma 

electrical conductivity in previous research.  However, the influence of metal vapors on 

hybrid welding plasma temperatures, species densities, and electrical conductivity not 

known.  

In summary, the shape, structure, and composition of hybrid welds are affected by 

numerous intertwined and simultaneously occurring physical processes.  Therefore, it is 

important to understand the various interconnected physical processes during hybrid 

welding.  Transport phenomena based models have been successful at analyzing 

temperature profiles, fluid flow, cooling rates, vaporization rates previously for arc and 

laser welding, and offer a good possibility of the same for hybrid welding.  A good 

understanding of the plasma characteristics relies upon a better understanding of hybrid 

welding vaporization rates.  In order to better understand the mechanisms of improved 

arc stability and the laser-arc interaction during hybrid welding the plasma characteristics 

need to be known.  Arc current and heat source separation distance are important process 

parameters which can affect the laser-arc interaction.  The effects of important process 

parameters on plasma properties need to be understood and the influence of the heat 

transfer and fluid flow on plasma properties must be considered. 
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1.2 Research objectives  

 

The focus of this research is to quantitatively analyze hybrid weld temperatures, 

cooling rates, vaporization rates, fluid flow, plasma temperatures, species number 

densities, and electrical conductivity.  In addition, this work aims to provide an 

explanation of the influence of laser power, heat source separation distance, surface 

active element compositions, and arc current on the resulting weld temperature profile, 

bead shape, and fluid flow during hybrid welding.  The effects of heat source separation 

distance and arc current on hybrid weld cooling rates are also analyzed.  The thesis 

research will improve the understanding of the interconnection between plasma 

characteristics, heat transfer, and fluid flow during hybrid welding.  The final goal of the 

research is to quantify the impact of heat source separation distance and arc current on 

plasma temperatures, species densities, electrical conductivity, and consequently arc 

stability during hybrid welding. 

 

1.3 Connections between various investigations reported in the thesis 

 

During hybrid welding, metal vapors entering the plasma from the keyhole affect 

plasma electrical conductivity and arc stability. Energy absorption, fluid flow, and heat 

transfer are dependent upon keyhole and arc stability.  The heat transfer and fluid flow 

determine the weld pool temperature profile and local vaporization rates of alloying 

elements.  These metal vapors affect plasma species densities, electrical conductivity, and 

arc stability.  Hence, it is important to understand both the plasma properties and physical 

processes occurring in the weld pool, their relationships, and the effects of process 

parameters.  Fig. 1.1 shows the relationships between the research components contained 

in the thesis.  Heat transfer, and fluid flow were investigated for gas tungsten arc (GTA), 

Nd:YAG laser, fiber laser, and Nd:YAG/GTA hybrid welding.  The arc and laser welding 

processes were individually analyzed to better understand hybrid welding.  

Laser energy absorption can be influenced by the presence of plasma, depending 

upon the beam characteristic wavelength.  The laser beam high power density results in 

rapid vaporization of alloying elements.  If the laser beam energy can not be transferred 
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to the workpiece surface efficiently, then the vaporization rate decreases.  The 

vaporization rates at the weld top and keyhole surfaces are determined by the heat 

transfer inside the weld pool.  The vaporization of metal vapors affects the plasma 

species densities, electrical conductivity, and arc stability.   

Process parameters, for example heat source separation distance, influence plasma 

characteristics and consequently the heat transfer and fluid flow during hybrid welding.  

It is important to realize the importance of process parameters in the interconnection 

between the properties of the plasma and processes occurring in the weld pool.  Arc, 

laser, and hybrid welding were theoretically and experimentally analyzed using three sets 

of experimental results.  The experimental results were obtained from the literature,20 

performed at Penn State ARL, provided by collaborators from the National Institute for 

Material Science in Japan, and personally developed and performed at Los Alamos 

National Laboratory. 

 

1.4 Thesis structure 

 

 The thesis analyzes several important issues for hybrid welding, which are likely 

to have a major impact.   The important issues include:  

• The physical processes which give rise to a wider weld pool during hybrid 

welding compared to laser welding 

• Arc constriction and bending influence on heat transfer and fluid flow during 

hybrid welding and the effect of laser power on hybrid weld penetration depth 

• The quantitative impact of arc current and heat source separation distance on 

hybrid weld cooling rates. 

• The difference between hybrid and laser weld pool penetration depth 

• Role of surface active elements on hybrid weld pool temperatures and fluid flow 

• Quantitatively analyzing hybrid welding plasma temperatures, species densities, 

and electrical conductivity 

• Detailing the influence of important process parameters on heat transfer, fluid 

flow, arc stability 
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The thesis answers these important issues throughout five chapters to help expand 

application of the hybrid welding process.  Chapter 1 describes the motivation, 

objectives, and structure of the thesis.  To provide a basis for undertaking the research, 

chapter 2 is a critical assessment of the previous research on hybrid welding energy 

absorption, keyhole formation, heat transfer, fluid flow, plasma formation, the laser-arc 

interaction, microstructure, and properties.   

Chapter 3 addresses heat transfer and fluid flow during hybrid welding and the 

influence of important process parameters on weld pool temperatures, fluid flow, and 

cooling rates.  The process parameters include arc current, laser power, and heat source 

separation distance.  These topics are explained via theoretical and experimental analysis 

of arc, laser, and hybrid welded A131 structural steel and 321 stainless steel.  In addition, 

the role of surface active elements on weld geometry, temperatures, and fluid flow during 

high power density fiber laser welding of mild steel is evaluated via theoretical and 

experimental analyses.   

Hybrid welding plasma electrical conductivity and the influence of heat source 

separation distance and arc current on arc stability are evaluated in chapter 4.   Arc, laser, 

and hybrid welding experimental and theoretical studies are performed to quantitatively 

evaluate plasma temperatures and species densities during welding of 304L stainless 

steel.  Chapter 4 provides values of hybrid welding plasma temperatures, species 

densities, and electrical conductivities compared to arc and laser welding plasmas.  In 

addition, the chapter details the influence of heat source separation distance and arc 

current on electrical conductivity and arc stability during hybrid welding. 

Chapter 5 summarizes the conclusions of the work.  Appendix A details the 

analysis of variance (ANOVA) calculations.  Appendix B is the source code for the Abel 

transform of the measured spectral line intensities and the calculation of plasma electron 

temperatures.  Appendix C contains the data used to calculate the partition functions and 

the source code used to calculate the pure element species densities.   
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* Experimentation personally developed and performed 
† Experimentation obtained from the literature20 
‡ Experimentation performed by collaborators at Japan National Institute for Material 
Science25, 37 
Fig. 1.1: Thesis research component relationships 
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Chapter 2 
 

BACKGROUND 
 
 

 Although the advantages of the hybrid welding process over those obtained from 

either arc or laser welding are well established, the fundamental physical processes are 

less well understood.  The physical processes of hybrid welding include energy 

absorption, keyhole formation, heat transfer, fluid flow, plasma formation, and the laser-

arc interaction.  Physical processes affect plasma characteristics, temperature profiles, 

weldment composition, microstructure, and mechanical properties.  Much of the existing 

literature detailing laser-arc hybrid welding is based on empirical studies designed to 

determine process capabilities, such as weldability, weld bead geometry, and porosity 

content.  In the following sections, the physical processes of laser-arc hybrid welding are 

examined.  In addition, the current understanding of defect formation, microstructure, and 

mechanical properties are critically reviewed.  Areas for further research and knowledge 

gaps are identified. 

 

2.1 Energy absorption during arc and laser welding 

 

The power density distribution describes the nature of the heat source that 

interacts with the workpiece and is important in predicting the weld pool geometry.  

During arc or laser welding, the peak power density is affected by the arc or laser beam 

radius.  In arc welding, the arc radius is dictated by the arc current, length, electrode tip 

angle, and the angle at which the arc is applied relative to the surface of the workpiece.  

The minimum achievable laser beam radius at the focal point is controlled by the laser 

focusing optics, and laser radiation characteristic wavelength.1   

Power density of a heat source can be represented by a Gaussian distribution: 2  

    )r/fr(
2

b

t
d

2
b

2

exp
r

fP
P −

π
=     (2.1)  

where f is the distribution factor, Pt is the total power of the heat source, rb is the radius of 

the heat source at the focal point, and r is the radial distance from the axis of the heat 
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source.  Fig. 2.1 shows a plot of power density as a function of horizontal position 

relative to the heat source symmetry axis for various values of distribution factor, f. 

 

 
Fig. 2.1:  Power density as a function of horizontal position relative to the heat source 
symmetry axis with varying distribution factors for a 3 kW heat source.  The effect of 
distribution factor on energy distribution shape and the size of the area affected by the 
heat source are shown.  Laser heat sources tend to have energy distributions similar to the 
solid line (f =3), while electrical arc energy distributions are similar to the dashed line    
(f =1).3 

 

As the distribution factor increases, the energy becomes more focused, resulting 

in an increase in the peak power density at the center of the laser beam or arc.  The 

typical power density distribution of a laser beam is characterized by a higher distribution 

factor than that of an arc and is represented in Fig. 2.1 by the solid line (f = 3).  With a 

distribution factor of three, the laser has a higher peak power density than the arc 

distribution, which is represented by the line with a distribution factor of one.   
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Narrow and highly intense power density distributions produce sufficiently high 

power densities that result in high local vaporization rates.  These vaporization rates can 

produce a deep narrow vapor filled cavity called a keyhole.  The presence of the keyhole 

results in deeper weld penetration than low power density conduction mode laser welding 

(< 105 W cm-2)4-8  Keyhole mode laser welds have a martini glass shape and conduction 

mode welds are hemispherical..4, 9-10   

The laser beam radius at the workpiece surface can also be altered by defocusing 

the heat source.  Negative defocusing of the laser may increase the penetration depth of 

the weld pool due to the convergent nature of the laser beam.11-13  As the convergent laser 

beam travels into the workpiece, the power density of the laser beam increases.  

Therefore, increasing the amount of negative defocusing can increase the keyhole depth 

and weld penetration.  However, if the defocusing exceeds a critical value, keyhole 

formation will be inhibited and the weld penetration will decrease.  In the case of positive 

defocusing, the keyhole depth decreases because the laser beam converges at a location 

above the workpiece surface, thus hindering keyhole formation and laser beam energy 

absorption. 14-16 

The type of heat source affects process efficiency through differences in the 

mechanisms of energy absorption.  For an arc, energy absorption by the workpiece is 

affected by the manner in which the electrical circuit of the arc is arranged,17 metal 

transfer mode, shielding gas used, and workpiece material.2, 4, 18-19  In the case of hybrid 

welding, the arc welding is typically performed as gas tungsten arc (GTA) or gas metal 

arc welding (GMAW).   GTAW uses a non-consumable tungsten electrode to generate a 

weld bead blanketed by inert shielding gas to prevent weld oxidation.2  In the case of 

GMAW, the welding electrode is a filler material for the weld to improve weld 

chemistry, properties, and fusion.2 Electrical arcs can be generated using direct (DC) or 

alternating current (AC).2  Depending upon the polarity of the electrical circuit, electrons 

are emitted or received at the electrode.17  GMAW most often employs direct current 

electrode positive (DCEP) to avoid erratic metal transfer, while GTAW can operate using 

a direct or alternating current.2 

The absorption of laser energy by the workpiece differs from the energy 

absorption of arcs and is affected by factors such as the laser wavelength, nature of the 
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workpiece surface, and the size and nature of the plasma present above the weld pool.20-23  

Fig. 2.2 (a) shows the dependence of absorptivity on temperature21 for several pure 

materials, and Fig. 2.2 (b) shows the same relationship for important structural steels, 

based on work by Duley1 and Boyden et al.22 
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Fig. 2.2:  (a) Temperature dependence of absorptivity21 for pure Al, Ag, Au, Cu, Pb, and 
W at a laser wavelength of 10.6 µm and (b) temperature dependence of absorptivity for 
mild steel,1 AISI 304 stainless steel,22 and iron1 at a laser wavelength of 10.6 µm.   

 

As the temperature of solid metallic materials increase, absorptivity will increase.  

Upon melting, absorptivity increases significantly, resulting in the discontinuities shown 

in each curve in Fig. 2.2 (a).  Upon melting, convection aids in the transport of heat in the 

molten weld pool.  The absorptivity of mild steel is approximately 9% higher than that of 

iron and varies similarly as a function of temperature (Fig. 2.2 (b)).1  Absorptivity of 

solid iron increases with temperature in a manner similar to other pure metals.  The 304 

stainless steel shows much less variation in absorptivity over the same temperature range.  

Within the range of temperatures which the steels were evaluated no melting occurs, 

unlike in Fig. 2.2 (a).  

Absorption of infrared energy by metals depends primarily on Fresnel 

absorption,4, 24-26  which is defined as conductive absorption by free electrons where a 

portion of the laser energy is either reflected or absorbed by the workpiece.27  When a 

keyhole forms during laser welding, the absorption efficiency of the laser energy 

increases greatly due to multiple reflections of the laser beam within the keyhole.6-8, 20  

Only about 30% of the laser energy is absorbed during one reflection.7,24  When the laser 

is reflected multiple times over the keyhole surface, the sum total of absorbed laser 

(b) 
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energy can increase to approximately 98%.  As a result, the energy from the laser is able 

to penetrate to a greater depth into the workpiece without changing the weld width, thus 

increasing the weld aspect ratio.28-29   

During high power density laser welding (≥105 W cm-2), a laser induced plasma 

can form and a portion of the laser energy is absorbed by the plasma phase within the 

keyhole through inverse Bremsstrahlung absorption.4, 20, 24, 30  Inverse Bremsstrahlung 

absorption occurs when, “energy of the electric field induced by the laser is absorbed by 

the plasma via electron-ion collisions.”31  This condition is most often quantitatively 

described by the Beer-Lambert law given by:28 

)Lexp(II Paoa µ−=      (2.2) 

where Ia and Io are the attenuated and the incident laser beam intensity, respectively, µa is 

the absorption coefficient, and LP is the length of the plasma.  Often the Beer-Lambert 

law is empirically modified based upon the size of the particles which comprise the 

plasma, the nature of the interacting particles in the plasma, and workpiece material.  For 

example, the following relationship is applicable for plasmas containing particles on the 

order of 20 nm to 50 nm in diameter:23 

]exp1[PE Nzr)QQ(
A

2
pAS π+−−=     (2.3) 

where EA is the attenuated incident radiation in watts, P is the incident laser power, rp is 

the average radius of the particles, N is the number density of the scattering particles, z is 

the distance over which attenuation of laser beam energy occurs, QS is the amount of 

attenuation due to scattering, and QA is the absorption efficiency.   

 For a shorter wavelength heat source, scattering will play a larger role in the laser 

beam attenuation.23  The amount of attenuation due to scattering (QS) is inversely 

proportional to the fourth power of the wavelength of the laser heat source, as shown by 

the following relationship:23 
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where m is the complex refractive index (m = n + kei), i is an imaginary number,  n is the 

refractive index of the material, and λ is the laser wavelength.  The extinction coefficient 
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(ke) is simply the fraction of incident radiation lost to absorption and scattering per unit 

distance.   

 The absorption efficiency is defined by the following relation:23 
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where Im is the imaginary portion of the complex refractive index, m.  Wavelength plays 

a major role in defining the amount of attenuation due to scattering and absorption 

efficiency.  Because the characteristic wavelength of Nd:YAG lasers is 1.06 µm, they 

experience greater energy loss due to scattering compared to 10.6 µm wavelength CO2 

lasers.  With a wavelength of 10.6 µm, CO2 lasers often experience lower efficiency of 

absorption by the workpiece material23, 25-26, 32 than Nd:YAG lasers.  In addition, CO2 

lasers have higher energy losses due to inverse Bremsstrahlung absorption compared to 

Nd:YAG lasers because of the relatively greater characteristic laser light wavelength. 

 

2.1.1 Energy absorption during hybrid welding 

 

In arc and laser welding, the workpiece absorbs only a portion of the total energy 

supplied.  The amount of energy absorbed depends on the material, type of heat source, 

and process parameters.4, 20, 33-34  During hybrid welding, arc energy absorption is 

affected by an interaction between the arc and laser due to surface heating interactions, 

stabilization of the arc cathode spot, and constriction of the arc plasma column.28, 35-37  

The surface heating interaction between the two heat sources provides extra energy for 

welding and enhances weld pool width.37-38    Surface heating interactions are explained 

by the absorption of laser and arc energy by the workpiece and the nature of their power 

density distributions.  Stabilization of the arc cathode spot occurs through the 

introduction of metal vapors produced by the melting and intense vaporization of the 

workpiece by the laser.39-42  A laser generated plasma has a higher electron density than 

other regions above the surface of the workpiece.35, 40, 43-44  Therefore, if the arc is close 

enough to the laser generated plasma, the laser plasma offers a line of least electrical 

resistance or potential drop28, 35, 45 coinciding with the Steenbeck effect, which states that 
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the arc will always operate at the lowest possible potential.35  As a result, the arc root will 

preferentially move toward the laser focal point, or keyhole opening.35-36, 46   

The surface heating synergistic effect is the ability to achieve greater energy 

absorption efficiency and melting efficiency compared to that achieved during lone arc or 

laser welding.  The heat transfer efficiency is defined as the fraction of heat transferred to 

the workpiece by the heat sources versus the applied welding power, and the melting 

efficiency is the percentage of heat source energy which actually resulting in melting of 

the workpiece.  The heat transfer and melting efficiencies are given by:37 

oih Q/Q=η      (2.6) 
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where ηh is the heat transfer efficiency, Qi is the heat transfer rate, Qo is the welding 

power, ηm is the melting efficiency, Qm is the melting rate, A is the area of the transverse 

weld cross-section, v is the welding speed, ρ is the density of the material, Cp is the heat 

capacity of the material, T is temperature, To is the ambient temperature, Tm is the 

melting temperature of the material, and Hf is the latent heat of fusion of the material.   

 Fig. 2.3 shows the heat transfer efficiency as a function of the total welding power 

for Nd:YAG laser/GTA hybrid and arc and laser welding of mild steel.37  The laser 

power37 was a constant 453 W and the arc power was varied between 570 W to 3690 W.  

Laser spot size and welding speed were 300 µm and  8 mm s-1, respectively.37 

 

 



 20

 
Fig. 2.3:  Heat transfer efficiency as a function of welding power when the (laser + arc)  
arc and laser welding are performing separately or during (laser/arc) Nd:YAG laser/GTA 
hybrid welding of mild steel.37  

 

Over the range of welding powers considered, the hybrid welding process does 

not result in a greater heat transfer efficiency compared to arc and laser welding.37  It is 

known that the heat transfer efficiency of the laser welding process is closely related to 

keyhole formation.  Therefore, changing from conduction to keyhole mode laser welding 

increases the heat transfer efficiency due to multiple reflections of the incident radiation 

inside the keyhole.20, 37, 47  However, there is no change from conduction to keyhole mode 

laser welding depicted in Fig. 2.3 because all of the welds were keyhole mode welds.37 

Melting efficiency for arc and laser welding and keyhole mode Nd:YAG 

laser/GTA hybrid welding is show in Fig 2.4.  The laser power was held constant at      

453 W and the arc power was varied37 between 570 W to 3690 W.  Laser spot size and 

welding speed were 300 µm and 8 mm s-1, respectively.37  Hybrid welding has a greater 

melting efficiency than arc and laser welding performed separately.38, 48  However, the 

degree of interaction between the two heat sources is unclear.37  Improved melting 

efficiency is the result of increased arc stability and arc constriction.28, 36-38  The effect of 

the improved melting efficiency on heat transfer and fluid flow is unknown. 
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Fig. 2.4:  Melting efficiency as a function of the heat transfer rate.  The two data sets 
show the arc and laser welding (laser + arc) performed separately and (laser/arc) hybrid 
welding of mild steel.37 

 

 A clear distinction must be made as to when the arc and laser are acting in 

combination and when they are acting separately.  This conclusion will aid in defining 

the hybrid welding process and help to develop a comprehensive understanding of the 

heat source interactions which occur during hybrid welding.   

 

2.2 Keyhole formation 

 

Laser welding can operate in either conduction or keyhole mode.11  The welding 

mode is dependent upon the power density of the heat source, physical properties of the 

material, and welding speed.1, 4, 20, 29  Fig. 2.5 shows micrographs of (a) keyhole (4500 W) 

and (b) conduction (800 W) mode laser weld cross sections.  The welded material is 

A131 structural steel and travel speed is 8.5 mm s-1.  Keyhole mode laser weld bead 

geometries have a nail head shape close to the top surface and a relatively long narrow 

section deeper in the weld cross section (Fig. 2.5 (a)).  A hemispherical transverse weld 

cross section is obtained during conduction mode laser welding (Fig. 2.5 (b)), which is 

similar to that obtained during arc welding.11, 20  During conduction mode laser welding, 
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the power density of the laser beam34 is typically less than 105 W cm-2, leading to a 

shallower weld pool than obtained during keyhole mode laser welding.11, 20, 34 

 

 

  
Fig. 2.5:  Micrographs of (a) keyhole (4500 W) and (b) conduction (800 W) mode laser 
welds performed on A131 structural steel.  The welding speed was 8.5 mm s-1. 
 

During keyhole mode laser welding, significant vaporization of the workpiece 

surface causes a keyhole to form.1, 4, 11, 20  The depth of the keyhole strongly depends on 

the power density distribution of the laser beam, focal point of the laser, composition and 

flow rate of the shielding gas, laser beam radiation characteristic wavelength, welding 

speed, and workpiece material.16, 18, 38, 49   

Keyhole profiles are often calculated by an energy balance at the keyhole wall, 

where temperatures are commonly assumed to be equal to the boiling point of the alloy.50  

At the boiling point, the sum of the vapor pressures of all alloying elements equals 

(a) 

(b) 
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ambient pressure.  Surface tension, hydrostatic, ambient pressure, vapor pressure, the 

pressure gradient driving metal vapor flow, and recoil pressures also affect the shape of 

the keyhole cavity.4, 50-52  Hydrostatic and surface tension pressures tend to close the 

keyhole, while the vapor pressure, pressure gradient, and recoil pressure tend to maintain 

the keyhole.  The balance of the keyhole pressures is given by:4, 50, 52 

ghPPPPP lovr ργ ++=∆++     (2.8) 

where rP  is the recoil pressure, vP  is the vapor pressure, ∆P is the difference between the 

local pressure and the ambient pressure that drives the vapor flow out of the keyhole, 

γP is the pressure due to surface tension effects, Po is the ambient pressure, ρl is the 

density of the liquid metal, g is the gravitational acceleration, and h is the depth of the 

keyhole.  The recoil pressure is defined by: 

v
2

r /JP ρ=      (2.9) 

where J is the vaporization flux calculated from the modified Langmuir equation 7, 53 at 

local temperatures along the keyhole surface, and ρv is the density of the evaporating gas. 

The pressure difference due to vapor flow in the keyhole can be approximated by  

considering a cylindrical pipe flow pressure difference based upon the Hagen-Poiseulle 

equation: 54 
2

kvv r/hv8P µ=∆      (2.10) 

where µv is the viscosity of the metal vapor in the keyhole, vv is the velocity of the metal 

vapor exiting the keyhole, h is the depth of the keyhole, and rk is approximated as the 

radius of the keyhole at half the depth.  The metal vapor velocity is approximated by: 

c/Jv v =      (2.11) 

where J is the vapor flux calculated from the modified Langmuir equation and c is the 

molar concentration of metal vapor in the keyhole.  The surface tension pressure is given 

by: 4  

r/P γ=γ      (2.12) 

where γ is the surface tension and r is the keyhole radius. 

 The keyhole is constantly fluctuating, which makes keyhole stability an important 

consideration.55  Several studies have evaluated keyhole formation and proposed various 
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mechanisms for describing keyhole instability.50, 55-57  Keyhole stability is dependent in 

part on the power density of the heat source, the competing pressures in the keyhole, 

welding speed, and workpiece material properties.50  Fluctuations in the laser energy 

absorbed on the keyhole surface can cause the keyhole walls to oscillate and collapse or 

coalesce along the keyhole depth, which can lead to porosity formation. 

 

2.3 Driving forces affecting weld pool fluid flow   

 

Heat transfer and fluid flow affect weld pool size and shape and weldment 

cooling and solidification rates.20, 33, 58  Since heat transfer affects the thermal cycles to 

which the material is subjected, the structure and properties of the weldment are also 

affected.  Driving forces for liquid metal circulation in the weld pool include the surface 

tension, electromagnetic (in the case of arc or hybrid welding), buoyancy, and gas 

impingement or friction forces.   

One of the primary driving forces affecting fluid flow in the weld pool during 

laser and hybrid welding is the Marangoni stress, which arises from the spatial gradient 

of surface tension driven by the temperature and compositional gradients existing in the 

weld pool.7-8, 59  The Marangoni stress (τ) is defined by:60 
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where dγ/dT is the temperature coefficient of surface tension, dT/dy is the spatial 

temperature gradient on the weld pool surface, and C is the concentration of surface 

active elements.   

The presence of surface active elements such as sulfur and oxygen in the steel 

weld pool have an impact on the direction of convection.60-61  If surface active elements 

are not present in the weld pool, the dγ/dT term is negative, and liquid metal flows 

outwards from the heat source along the surface of the weld pool.61  During arc62-67 and 

low power density42, 68 laser welding, outward flow from the heat source causes the weld 

pool to become shallower and wider.68  If surface active elements are present in the weld 

pool, the dγ/dT term is often positive.60-61  The liquid metal flow is reversed, leading to a 

deeper and narrower weld pool during arc62-67 and low power density42, 68 laser welding. 
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 During arc welding, the interaction between the divergent current path in the weld 

pool and current flow magnetic field produces the electromagnetic or Lorentz force.20, 33  

The Lorentz force causes liquid metal to flow down along the centerline of the weld away 

from the heat source, making the weld pool deeper.69  The Lorentz force is defined by the 

following relationship:70 

BJF cemf ×=      (2.14) 

where Jc is the current density and B is the magnetic flux in the weld pool. 

 The buoyancy or gravitational force arises from the spatial variation of the liquid 

metal density due to temperature variations in the weld pool.71   

)( slb TTgF −= βρ     (2.15) 

where ρl is the density of the liquid metal, g is the acceleration due to gravity, β is the 

thermal expansion coefficient, T is the temperature of the liquid metal, and Ts is the alloy 

solidus temperature. The resulting fluid flow due to the buoyancy force is radially 

outward from the heat source location, causing the weld pool to become shallower and 

wider.  The magnitude of the buoyancy force is commonly very small and can be 

neglected. 

 During high current arc welding, the arc plasma can exert a frictional shear stress 

along the weld pool surface.72  The frictional force causes liquid metal to flow from the 

middle of the weld pool towards the weld pool solid/liquid boundary, resulting in a 

shallow and wide weld pool.69  For most welding conditions,72 this force is small and can 

be ignored, particularly at low and moderate currents (< 200 A).  

 The relative magnitudes of these driving forces dictate the resulting weld pool 

geometry.  There are several dimensionless numbers that are used to gauge the relative 

importance and order of magnitude of the individual driving forces affecting fluid flow 

and the significance of convective heat transfer in the weld pool.  These dimensionless 

numbers include the surface tension Reynolds number (Res), magnetic Reynolds number 

(Rem), and Peclet number which are defined in the equations below:7, 73-74  
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where ρl is the density of the liquid, LR is the characteristic length of the weld pool and is 

taken as half of the weld pool width, ∆T is the difference between the weld pool peak 

temperature and the solidus temperature of the material, dT/dγ  is the temperature 

coefficient of surface tension, µ is the liquid viscosity, µm is the magnetic permeability, I 

is the arc current, U is the characteristic velocity of the liquid metal, and α (= k/ρCp) is 

the thermal diffusivity of the material.   

The significance of convection in arc and laser welding has been extensively 

analyzed for steels.8, 63, 67-68  Convection becomes less significant compared to heat 

transfer by conduction in the case of welding high thermal conductivity metals, for 

example aluminum and copper alloys.  Compared to the electromagnetic force and 

Marangoni stress, the magnitude of the buoyancy force is small for arc and laser welding.  

The relative importance of the electromagnetic force to Marangoni stress can be obtained 

from the ratio Rem/Res.  Table 2.1 shows calculated values for the relative importance of 

electromagnetic force to Marangoni stress during 191 A, 11V arc welding and 1900 W 

laser welding of A131 structural steel at 8.5 mm s-1. 

 

Table 2.1: Calculated values of magnetic Reynolds number and surface tension Reynolds 
number for Nd:YAG laser and GTA welding of A131 structural steel.  The laser power 
was 1900 W, and the arc current and voltage were 191 A and 11 V, respectively. 
 

 

 

 

 

 

 

Under most arc welding conditions, the order of magnitude for the 

electromagnetic force can be equal to or even greater than the Marangoni stress, 

Process Arc Laser 

Rem 3.2 x 105 - 

Res 5.9 x 104 3.5 x 105 

Rem/Res 5.4 - 
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depending on the current used.  In laser welding, no electromagnetic force is present, and 

the Marangoni stress is the primary cause of convection in the weld pool.  The relative 

magnitudes of the driving forces for hybrid welding are not known. 

During arc welding, the Marangoni stress drives liquid metal from the middle of 

the top surface toward the edge of the weld pool and this stress tends to widen the weld 

pool when the surface active element concentrations are negligible.69  The 

electromagnetic force, on the other hand, tends to drive the liquid metal downward.  As a 

result, the shape of the weld pool during arc welding is often hemispherical.62  Similar 

fluid flow behavior is seen in the case of conduction mode laser welding, where the weld 

pool shape is dictated by the Marangoni stress and is hemispherical.68  Marangoni 

convection during keyhole mode laser welding moves the liquid metal at the surface of 

the weld pool toward the edge of the weld pool causing the upper part of the weld pool to 

be wider69 than that of the lower portion.7-8 

 During welding, the rates of transport of heat, mass, and momentum are often 

enhanced because of the presence of fluctuating velocities in the weld pool.7, 59  The 

contribution of the fluctuating velocities is quantitatively expressed by an appropriate 

turbulence model7, 75-76 that provides a frame work for calculating effective viscosity and 

thermal conductivity values.  Effective viscosity can be defined as the sum of the 

turbulent and molecular viscosities (µeff = µT + µm).  The turbulent viscosity is calculated 

using the Prandtl mixing length hypothesis given by:7,8,24 

tmT vlρ=µ      (2.19) 

where ρ is the liquid metal viscosity, lm is the mixing length, and vt is the turbulence 

velocity.  Effective thermal conductivity is then calculated from the definition of the 

Prandtl number equation given by: 7,8,24 

T

pT

k
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µ
=      (2.20) 

where Cp is the specific heat of the liquid metal, and kT is the turbulent thermal 

conductivity.  The Prandtl number is assumed to be 0.9.  The values of effective thermal 

conductivity and viscosity vary with location in the weld pool and depend upon the local 

characteristics of fluid flow.77-78   
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2.3.1 Role of surface active elements during hybrid welding 

 

Depending upon the significance of convective heat transfer, surface active 

elements can play a large role in dictating weld bead geometry by influencing the 

Marangoni stress,.49, 79-80  Weld bead width and depth as a function of shielding gas 

oxygen content and alloy sulfur content are shown in Fig. 2.6 (a) and (b), respectively, 

for 7 kW fiber laser welding of mild80 steel at a welding speed of  16.7 mm s-1.  Aside 

from the added oxygen, the shielding gas contained helium and argon.80 

In both cases, the addition of oxygen to the shielding gas and the increase in 

sulfur content of the base metal during laser and laser-arc hybrid welding increases weld 

pool depth.49, 79-80  Weld pool depth is measured as the distance from the weld fusion 

zone top surface to the bottom of the weld fusion zone at the centerline of the weld.  

However, the increase in weld depth is more significant when adding oxygen than 

sulfur.80  Increasing the oxygen content of  shielding gas80 from 0% to 10% increases 

weld depth from 9.2 mm to 10.3 mm.  Other research has shown that in the case of 3.3 

kW Nd:YAG laser welding of 304 stainless steel, the addition of 10% oxygen to initially 

pure argon shielding gas resulted in an increase in weld pool depth of approximately 0.9 

mm.49  The welding speed in this case was 10 mm s-1.  

Increasing the amount of sulfur in the alloy or oxygen in the shielding gas causes 

the weld pool width to decrease.49, 80-81  Weld bead width is measured as the distance 

between the left and right hand edges of the weld fusion zone at the weld bead top 

surface.  The decrease in weld width can be explained by the effect of surface active 

elements on the Marangoni stress.  As the surface active element content increases, dγ/dT 

becomes more positive, depending upon the local weld pool temperature.  If dγ/dT 

becomes positive, the fluid flow direction can change, and may affect weld bead shape 

depending upon the significance of convective heat transport. 

Fig. 2.7 shows micrographs of 7 kW fiber laser welded mild steel for various 

concentrations of oxygen in the shielding gas and sulfur in the base metal.80  When 

oxygen was added to the shielding gas, the weld metal contained 60 ppm of sulfur.  The 

shielding gas also contained argon and 60% helium.  The deep and narrow portion of the 
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weld bead, which is dictated by the keyhole, is increasing in depth with increasing 

oxygen and sulfur content in the shielding gas and base metal.  However, the reason for 

this increase in the keyhole depth with increasing active element concentrations in the 

shielding gas or welded material is not known.  The mechanism which causes the weld 

depth to be more sensitive to the amount of dissolved oxygen in the weld versus sulfur is 

unknown.  In addition, a comparison of the fluctuations in weld depth due to spiking and 

the increase in weld depth with increasing the surface active element concentration needs 

to be analyzed.  Further research is needed to understand this important phenomenon, 

especially since the keyhole shape and stability play such an important role in laser and 

hybrid welding fusion zone geometry and weld integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6: Change in weld pool width and depth for increasing (a) shielding gas oxygen 
content and (b) alloy sulfur content for 7 kW laser welding of mild carbon steel at a 
welding speed of 16.7 mm s-1.  The material in Fig. 2.6 (a) contained 0.006 wt% sulfur.80 
 

 

(b) 

(a) 
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 . 

Fig. 2.7: Micrographs of laser welded mild steel for various concentrations of oxygen in 
the shielding gas and sulfur in the base metal.80 The laser power and welding speed were 
7 kW and 16.7 mm s-1.  
 

2.3.2 Fluid flow and hybrid weld pool geometry 

 

One of the most beneficial aspects of combining laser and arc sources in hybrid 

welding is a wider weld bead than that achieved from lone laser welding and a deeper 

weld than that compared to lone GTAW for the same welding parameters.82-85  A 

(a) (b) 

(c) (d) 



 31

quantitative understanding on the effects of the driving forces for fluid flow on weld pool 

temperature profiles, fluid flow, bead geometry, and reducing the propensity for cracking, 

porosity, and brittle phase formation are essential and can be further understood.   

Little work, though, has been done to quantitatively understand the fluid flow 

within the molten weld pool during hybrid welding.59, 86-87  It is important to have a 

strong understanding on the liquid fluid flow in welding due to its importance to weld 

geometry, temperature gradients in the weld pool, and the resulting weld microstructure 

and properties.  The use of x-ray transmission imaging of platinum and tungsten markers 

during hybrid welding shows that there is a strong liquid flow towards the rear of the 

weld pool.49, 88  The fluid flow in the molten weld pool causes heat to flow away from the 

keyhole, thus elongating the weld pool parallel to the welding direction.88-89  The flow is 

believed to be driven primarily by electromagnetic and surface tension forces.59, 88   

 According to the current process understanding, the primary process parameters 

which affect bead geometry in hybrid welding are laser power, arc power, welding speed, 

laser beam radius, defocusing, and the distance between the heat sources.36, 59, 83, 90  Weld 

pool depth is primarily affected by the laser power density and welding speed.59, 83  

Currently, it is believed that the arc power density distribution is the primary processing 

factor in establishing the width of the weld pool83, 88 because the arc is a more dispersed 

heat source.  Increasing arc current increases the arc radius and the width of the weld 

pool.  In addition, the interaction of the hybrid welding plasma with metal vapors from 

the laser generated keyhole impact the arc power density distribution and weld width. 

Welding speed has a direct effect on the heat input per unit length per unit time of 

the welding process.  At faster welding velocities, heat input decreases for a constant arc 

and laser power.  Less molten metal is thus generated by the heat sources, causing both 

the width and penetration depth of the weld pool to decrease. 

The power level ratio between the laser and the arc also can play a significant role 

in the hybrid welding process.  This ratio can be used to determine whether the laser or 

the arc is dominant and which one has the greater influence on the change in penetration 

depth and the width of the weld pool.37, 83  El Rayes et al83 showed that increasing the 

ratio of arc to laser power, for constant CO2 laser power levels of 8 kW and 4 kW, has a  
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minimal effect on the total depth of the weld pool. Gao et al91 evaluated the power level 

ratio and found that it plays an important role in determining steel weld microstructure. 

The effect of the power ratio on laser vaporization and laser attenuation by the arc 

plasma has been experimentally observed during CO2 laser/GTA hybrid welding.36  It 

was observed that the arc plasma can affect keyhole stability and cause a weld cross 

section similar to a conduction mode laser weld to form.36  The attenuation of the laser 

beam by the arc plasma keeps the laser from generating a significant amount of metal 

vapor necessary to continue the plasma interaction between the arc and laser. 

Understanding the effects of power level ratio, heat source separation, and laser 

defocusing on fluid flow and weld pool geometry are essential for a more complete 

understanding of hybrid welding.  The combinations of these important process 

parameters during the synergistic interaction between the arc and laser induced plasmas 

has not been thoroughly discussed in the literature.  A fundamental understanding of the 

roles which these processing parameters play during hybrid welding is needed. 

 

2.4 Plasma formation 

 

 During arc and laser welding, a plasma phase can form above the weld pool 

through the interaction between the arc or laser, the shielding gas, and possibly metal 

vapors.  The plasma phase contains electrons, ions, excited atoms, and molecules.  

Knowledge of the number densities of these excited species and electrons can also 

provide insight into the important properties of the plasma.  The electron temperature, 

which is a measure of the kinetic energy of the electrons within the plasma phase, is an 

important parameter used to characterize the plasma phase. 

The existence of thermodynamic equilibrium in a plasma requires that 

temperature governs the excitation, ionization, and dissociation of molecules in the 

plasma.92  The electron and heavy particle temperatures are nearly equal due to the high 

collision rates inside the plasma.  In the case of a welding plasma, the radial gradient of 

plasma temperature interferes with the state of equilibrium.92  If the change in 

temperature is small along the mean free path compared to the average plasma 

temperature of a region, the influence of the temperature gradient on the equilibrium 
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condition can be considered negligible.92  For the case of welding plasmas at atmospheric 

pressure, the mean free path of collisions is small.  Welding plasmas are often considered 

in terms of separate volumes for a non-isothermal plasma and is referred to as local 

thermodynamic (thermal) equilibrium.92  When the plasma is in local thermodynamic 

equilibrium the population of energy levels satisfies Boltzmann’s distribution law, the 

ionization of species in the plasma is governed by Saha’s relationship, and dissociation 

equilibria are described by the equation for chemical equilibria.92  The Boltzmann’s 

distribution law is given by:92 
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where nq is the density of particles in the excited state q, no is the density of ground state 

atoms, gq and go are statistical weights for the corresponding levels, εq is the excitation 

energy of the state q, k is the Boltzmann constant, and T is the absolute temperature.  

Saha’s equation is given by:44, 92 
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where ne is the electron density, ni is the ion density, na is the atom density, Ze is the 

electron partition function (which is given a value of 2 for the two available spin 

orientations of the electron),92 Zi is the ion partition function, me is the resting mass of an 

electron (9.11 x 10-31 kg), V is the ionization potential of the species, Za is the atom 

partition function, and h is Planck’s constant.  The dissociation of molecules                  

(XY = X + Y) can be defined using the general equation for chemical equilibria given 

by:92 

XY
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where nX, nY, and nXY are the particular species concentrations in number per unit 

volume. 

When the plasma is in local thermodynamic equilibrium, electron temperatures 

are given by:92 
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where Eqa and Eqb are the upper energy level potentials of measured spectral line peaks 

‘a’ and ‘b’, gq and Aqp are the upper energy level statistical weight and transition 

probability of the corresponding peaks, λa and λb are the wavelengths of peaks ‘a’ and ‘b’ 

respectively, and Ia and Ib are the measured intensities or calculated emissivities of the 

peaks. 

 In the case of high power density laser welding or hybrid welding, the plasma can 

contain a relatively high concentration of metal vapors compared to arc plasmas.40, 93  In 

order to provide an accurate approximation of the species densities for these plasmas, the 

species densities are modified based upon the mole fraction of species in the plasma 

given by: 

k
k
j

j
m xnN =      (2.25) 

where j
mN  is the atom, ion, or electron density for the multi-component plasma, k

jn  is the 

atom, ion, or electron density for pure element k calculated by Saha’s equation, and xk is 

the mole fraction of element k in a multicomponent system. 

Complex characterization techniques, such as high temperature Langmuir probes 

or emission spectroscopy are often utilized to determine electron temperature and species 

densities at discrete locations within the plasma phase.92, 94-95  A Langmuir probe is a 

device which consists of one or more electrodes which are placed in a plasma phase with 

a constant or time-varying electric potential between the electrodes.  The current and 

potential drops across the probes are then measured and correlated with the electron 

temperature and density of the plasma.   

An example of temperature measurements made using Langmuir probes96 in a 

GTA welding arc is shown in Fig. 2.8. Temperatures at locations directly adjacent to the 

electrode are about 10,750 K.  At these temperatures, ionization of gaseous species is 

prevalent.  Throughout the remainder of the plasma phase in the arc column, the 

temperatures are high enough for significant dissociation of diatomic gases to occur and 

decrease as the workpiece is approached.  Therefore, ionized species tend to dominate at 
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locations closer to the electrode, and neutral species are dominant as the workpiece is 

approached.  Fig. 2.8 also shows that the size of the arc plasma can have diameters of the 

order of 8 mm, which is considerably larger than the typical laser induced plasma. 

Emission spectroscopy is a non-contact means for characterizing the species 

present in the plasma phase.  With this technique, species within the plasma phase are 

identified by their characteristic wavelengths.  One issue with optical emission 

spectroscopy is that it suffers from line of sight effects,92, 94 in which the measured 

spectra are influenced by radiation emitted from other locations inside the plasma that 

also lie along the line of sight of the detector.  To overcome this difficulty, measured 

spectral intensities need to be deconvoluted using an Abel transform.  The transform 

requires that the plasma has a symmetrical cross section at the plane of interest.97 

 

 
Fig. 2.8:  Temperature distribution in the arc column under GTA welding conditions for 
an arc current of 100 A.  The welded material was mild steel.  The temperatures in the arc 
column were calculated using electrostatic probes.96   

 

 A number of researchers have theoretically and experimentally investigated the 

characteristics of the plasma phase formed in the arc column during GTA welding using 
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emission spectroscopy.96, 98-101  For example, Dunn and Eagar102 calculated the electron 

densities and the resulting transport properties of argon and helium plasmas with small 

additions of metal vapors.  Drellishak et al103-104 investigated the species densities of both 

inert gaseous and pure nitrogen and oxygen plasmas at atmospheric pressures.  Fig. 2.9 

shows a measured spectra99 of the plasma formed with helium shielding gas during the 

GTA welding of SUS304 stainless99 steel at an arc current of 150 A and a travel speed of 

0.5 mm s-1.  The arc plasma shows the presence of atomic metallic species and shielding 

gas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.9: Gas tungsten arc welding plasma.  The shielding gas was helium and welded 
material was SUS304 stainless steel.99  The arc current and welding speed were 150 A 
and 0.5 mm s-1, respectively. 
 

 During laser welding, the interaction between the laser beam and the alloy 

produces significant vaporization of alloying elements, which vary depending on the 

composition of the alloy.53, 105-106  For example, during laser welding of stainless steels, 

metal vapors may contain iron, chromium, and manganese.40  Fig. 2.10 shows40 a typical 

optical emission spectrum of the plasma produced during pulsed CO2 laser welding of 

AISI 201 stainless steel using argon shielding gas.  The iron and chromium peak 

intensities are relatively greater than those during GTAW (Fig. 2.9) due to increased 
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vaporization rates.44  In Fig. 2.10, peaks of atomic Fe, Cr, and Mn are observed because 

of their presence in the plasma.   

Since the metal vapors are easily ionized compared to the argon shielding gas, 

their presence significantly affects the electron density and electron temperature of the 

laser induced plasma.  Between 422 nm and 432 nm, there are five well characterized 

argon spectral lines,107 yet these lines do not appear in the measured spectra due to the 

relatively greater intensity of the metal vapor lines.107  The lack of shielding gas spectral 

lines in Fig. 2.10 and greater metallic species spectral line intensities are indicators that 

the laser plasma is dominated by the presence of metal vapors, unlike the GTA plasma 

(Fig 2.9).  The greater concentration of metal vapors in the laser plasma contributes to 

increasing the plasma electron density.  Depending upon the local plasma temperature, 

increasing the plasma metal vapor concentration can significantly increase electrical 

conductivity.   

 

 
Fig. 2.10:  Laser welding plasma spectrum during welding of AISI 201 stainless steel 
using argon shielding gas.40   The laser power, beam radius, pulse duration, pulse 
frequency, and welding speed were 2462 W, 140 µm, 3 ms, 100 Hz, and 5 mm s-1, 
respectively. 
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 At any given electron temperature, the equilibrium number density for each pure 

species can be calculated considering the equilibrium condition for the ionization of that 

particular species via Saha’s equation.  In Fig. 2.11, the computed number density of 

singly ionized pure metal vapors, including Fe, Mn, and Cr, are significantly higher than 

that for argon over a range of electron temperatures in a laser plasma.40, 102  The total 

electron density (Total Ne) is the summation of the mole fraction of each species in the 

plasma multiplied by the corresponding singly ionized species number density for a 

plasma composed of solely that element for a given temperature. The metallic ion 

densities are relatively higher due to their lower ionization potentials compared to that of 

the shielding gas.  The gradient in species densities tends to decrease at higher electron 

temperatures due to volume expansion of the plasma with increasing temperature. 

 

 
Fig. 2.11:  Ion and total electron density as a function of electron temperature for various 
pure species for pulsed laser welded AISI 201 stainless steel.40, 102  The laser power and 
welding speed were 2462 W and 5 mm s-1, respectively. 
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During hybrid welding, metal vapors present in the plasma can significantly 

increase plasma electrical conductivity, depending upon the local plasma temperature.102  

Electrical conductivity is an important property for electrical arc plasmas, which can 

significantly influence arc stability.  Analysis of combining laser and arc plasmas during 

hybrid welding and the resulting spectral characteristics are only beginning.108-109  Since 

the plasma properties are so important to arc stability and weld integrity, a better 

understanding of hybrid welding plasma characteristics is needed. 

 

2.4.1 Plasma formation during hybrid welding 

 

During hybrid welding, a plasma phase forms due to the interaction of the high 

power density laser heat source, shielding gas, and metal vapors formed by the laser-

material interaction.  By using a high ionization potential shielding gas, such as helium, 

the formation of a laser induced plasma can be mitigated, particularly for high 

wavelength CO2 lasers.18-19, 38  Helium has been traditionally used only in the case of CO2 

lasers, not necessarily for YAG systems. 

A plasma phase also forms by the interaction of the arc and the surrounding 

atmosphere during hybrid welding.  Hybrid welding plasma size often depends on the 

distance between the heat sources, arc current density, arc length, and arc voltage.  It has 

also been observed that the laser and arc interact, and the transmission of the laser 

through the plasma results in some additional laser attenuation.28, 35, 37, 110    

During hybrid welding, the arc undergoes a contraction in which its width 

decreases to nearly the same size as the laser beam.28, 35-36, 59  The arc contraction is 

attributed to the presence of the laser induced plasma which causes the arc electrical 

resistance and radius to decrease.  Lower arc electrical resistance and enhanced arc 

stabilization35 in the presence of a laser is shown via arc current and voltage data in Fig. 

2.12 for GTA and CO2 laser/GTA hybrid welding of mild steel. 

The influence of laser radiation on arc electrical resistivity and stability can be 

explained by two phenomena.  First, a small part of the laser energy is absorbed by the 

arc plasma, further ionizing the arc plasma and reducing its electrical resistance.28, 36-37, 59  

Second, significant vaporization of the workpiece material occurs at the location where 
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the laser impinges on the surface of the workpiece,20, 40, 42, 44 and metal vapor is then 

transported into the arc plasma.  Since the metal atoms have a much lower ionization 

potential than the shielding gas, the effective ionization potential of the plasma is 

reduced, forming a more conductive, stable plasma channel for the arc root and 

column.28, 35-37  Since the arc follows the path of least electrical resistance, the arc tends 

to bend and root within close proximity of the keyhole.28, 36-37 

 

 
Fig. 2.12:  Characteristics of current and voltage during GTA and CO2 laser/GTA hybrid 
welding of mild steel.1  (a) Arc electrical resistance decreasing due to the presence of the 
laser, and (b) laser stabilization of fluctuations in arc voltage and current.35  The laser 
power was 1870 W. 
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2.5 Role of laser-arc separation on hybrid welding plasma and weld attributes 

 

 Often, hybrid welding is described as simply welding with an arc and a laser.  

However, changes in the distance between the arc and laser can cause two distinct 

welding processes, hybrid and tandem welding, to emerge.  During hybrid welding, an 

interaction occurs between the laser and arc as a result of the close proximity of the two 

heat sources.  Tandem welding occurs when the distance between the heat sources is 

significantly greater than the arc plasma radius, usually 5 to 8 mm.  In tandem welding, 

the arc and laser act separately on the workpiece. 

 The distance between the heat sources plays a large role in the arc and laser 

induced plasma interactions.13, 28, 35, 37  Experimental research has shown that, during the 

plasma interaction, the contracted arc rooting in close proximity of the keyhole can 

increase weld pool penetration depth.13, 28, 36-37  The increase in depth is small relative to 

the penetration depth achieved by high power density laser welding.36, 59  In addition, the 

laser-arc interaction results in a significant increase in weld pool width over laser 

welding.59  Little scientific explanation has been presented to explain the fundamental 

physical processes which occur to enhance these weld pool dimensions.  The influence of 

heat source separation distance on hybrid welding plasma properties is also not known.  

Since the plasma properties influence the arc stability, it is important to analyze the 

effects of heat source separation distance on hybrid welding plasma properties. 

 The effects of arc power, welding speed, defocusing distance, and heat source 

separation distance on weld bead shape, spatter, arc stability, and plasma formation were 

investigated during the CO2 laser/GMA hybrid welding of low carbon steel.13  Fig. 2.13 

shows that as the distance between the heat sources decreases, the weld pool depth 

increases,13 which is in agreement with the findings of Naito et al.88  The laser power, arc 

current, and welding speed were 2 kW, 200 A, and 10 mm s-1, respectively.  An increase 

in negative beam defocusing may increase the penetration depth of the weld pool 

depending upon the operating mode of the laser beam and the depth of focus of the laser.   

It has often been observed that the maximum hybrid weld penetration depth 

occurs at some intermediate heat source separation distance, rather than when the 

separation distance is zero.13, 36, 82, 88  Fig. 2.14 is a schematic of how the weld penetration 
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depth and weld pool geometry change for various separation distances between the heat 

sources during CO2 laser/GMA hybrid welding of low carbon steel.13, 88  The maximum 

hybrid weld penetration depth was achieved when the laser passed through the edge of 

the arc plasma, versus through the center or for a smaller separation distance.  Very little 

is known as to why the penetration depth is not maximized when the separation between 

the heat sources is at its minimum, and a better understanding as to why this occurs 

would greatly benefit maximizing weld depth. 

 

 
Fig. 2.13:  Effect of the distance between the gas metal arc root and CO2 laser focal point 
(DLA) on hybrid weld pool penetration depth.  In addition, the effect of defocusing (df) on 
penetration depth is shown for hybrid welding.13 The base metal was low carbon steel.  
The laser power, arc current, and welding speed were 2 kW, 200 A, and 10 mm s-1, 
respectively. 

 

The exact role of heat source separation distance on the interaction of the heat 

sources and its effects on the weld properties and physical processes is not well defined 

and requires further research.  When the distance between the laser and arc is 

significantly greater than the arc plasma radius, the laser and arc plasmas are separate.  In 
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contrast, when the distance between the two heat sources is less than or approximately 

the same as the arc plasma radius, the two plasmas interact.13, 88  Therefore, the 

interaction of the laser beam and the arc plasma mainly depends on the distance between 

the heat sources, arc radius, and arc plasma radius.28, 35, 110  A quantitative understanding 

of the hybrid welding plasma properties and their relationship with welding parameters 

will lead to a significant improvement in process control.  Further research is needed on 

the role of heat source separation and its effect on hybrid welding plasma characteristics. 

 

 
Fig. 2.14:  Schematic of the effect of heat source separation distance on weld geometry 
and penetration depth during CO2 laser/GMA hybrid welding.  A, B, C, D, and E indicate 
the change in relative position of the arc and laser in the weld pool (images above 
workpiece) and their corresponding weld bead geometry.13, 111  The base metal was low 
carbon steel.  The laser power, arc current, and welding speed were 2 kW, 200 A, and    
10 mm s-1, respectively. 

 

2.6 Defect Formation 

 

Hybrid welds contain much lower levels of porosity in both size and number than 

laser welds.88, 112-114  The reduced presence of porosity in hybrid welds is largely 

attributed to lower cooling rates compared to laser welding.115  The addition of the arc 

increases solidification times and allows for gas porosity to escape the molten metal.  

However, much further research is required in order to understand porosity formation, 
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particularly in the case of porosity due to unstable keyhole collapse and its material 

dependence. 

The formation of microporosity (< 1 µm diameter) has been attributed to the 

entrapment of gas bubbles from dissolved hydrogen during high power density laser and 

laser/GMA hybrid welding of magnesium alloys.115-116  In the case of laser welding of 

magnesium alloy AM60B, the porosity was attributed to the evolution of hydrogen gas 

pores due to the difference in hydrogen solubility between the liquid and solid phases.116  

Subsequent welding passes lead to the coalescence of these pores and resulted in much 

larger macropores.116 

Larger macroporosity can arise from the unstable collapse of the laser induced 

keyhole during laser or hybrid welding due to fluctuations of welding process parameters.  

For example, variations in the focal point of the laser, laser power, or welding speed can 

influence keyhole stability.50, 52   

Studies on the formation of macroporosity in magnesium AZ31B hybrid butt 

welded plates showed that the composition of the surface of the pores was 24.8 wt% 

oxygen and 9.4 wt% nitrogen.113-114  Air from the atmosphere can enter the weld and 

generate nitrides and oxides.  The addition of laser shielding gas was identified as the 

remedy for this problem.113-114   

Macroporosity is also observed during the laser lap welding of zinc coated 

steels.117-119  The boiling point of zinc is approximately 900ºC, which is significantly 

lower than the melting point of iron (1538ºC).  When zinc coated sheets are lap welded, 

zinc vapor filled bubbles form and large amounts of macroporosity are in the final 

weldment.117-119  With laser/GMAW hybrid welding, porosity is significantly diminished 

as compared to laser welding because a much longer time elapses before the molten metal 

solidifies, allowing for the bubbles to escape.117, 120 

Additional defects can be caused, particularly in laser welding, by gaps which 

may form due to improper joint fit-up.  The ability to bridge larger gaps during hybrid 

welding means less edge preparation.  Because of the restricted width of the laser beam, 

perpendicular workpiece edges are required in laser welding.110  Compared to laser 

welding, the wide power density distribution produced by the addition of the arc heat 

source allows for less stringent gap tolerances during hybrid welding.110, 112, 121-122   
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2.7 Microstructure and properties 

 

 Understanding how cooling rate changes with hybrid welding parameters can 

explain why the microstructure and mechanical properties of hybrid welds differ from 

those attained during arc or laser welding.  In the following sections, the role of heat 

input and power density on microstructural formation and the effects of hybrid welding, 

relative to laser or arc welding, on weldment microstructure and mechanical properties 

for steels, magnesium, and aluminum alloys is evaluated. 

 

2.7.1 Role of heat input and power density 

 

 Weldment cooling rate is dependent upon the thermophysical properties of the 

material, power density (W mm-2) of the heat source,2, 4, 91, 123 and heat input per unit 

length of the welding process (J mm-1).124-127  The heat input per unit length is dictated by 

the welding speed and power of the heat source and given by:126   

v
P

H n=      (2.26) 

where H is the heat input per unit length in J mm-1, Pn is the nominal power of the heat 

source in W, and v is the welding speed in mm s-1.  As heat source power density 

increases, the heat input per unit length necessary for welding decreases.2  Low heat input 

per unit length welding processes result in a relatively small amount of grain coarsening.2, 

91, 126, 128  For example, GTAW of Ti-6Al-4V129 showed that the average prior β-grain size 

decreased from approximately 360 µm to 60 µm upon decreasing the heat input from 

4330 J mm-1 to 2130 J  mm-1.  In the case of GMAW of HSLA-100 steel,130 decreasing 

the heat input from 4000 J mm-1 to 1000 J mm-1 resulted in a decrease in the HAZ prior 

austenite average grain size from 130 µm to 80 µm.  

Decreasing the heat input per unit length of the welding process results in more 

rapid heating and cooling rates.4, 126, 131  The cooling rate affects weld microstructure and 

mechanical properties.  Studies which have analyzed the difference between Nd:YAG 

laser and laser/GMA hybrid weld cooling rates for steel samples have left important 

unanswered questions, such as the location of reported cooling rates relative to the weld 
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centerline.90, 131  Hybrid welding cooling rates for other important structural materials 

remain unknown and are needed.   

It has been determined both experimentally and theoretically that hybrid welding 

can result in lower cooling rates than those during laser welding due to increased heat 

input per unit length.90, 131  However, hybrid welding cooling rates are not known as a 

function of heat source separation distance.  Since the distance between the heat sources 

affects the amount of metal vapors entering the plasma local to the arc, arc stability, 

energy absorption and plasma electrical conductivity can be influence by the heat source 

separation.  Because arc energy absorption can affect the heat input per unit length of the 

welding process, an understanding of the influence of heat source separation distance on 

hybrid weldment cooling rates is needed.  Modeling offers an effective means of 

analyzing weldment cooling rates.  Previously, modeling has been successful at analyzing 

weldment cooling rates during arc74, 132-133 and laser6, 8, 134 welding. 

 Weld microstructures vary as a function of the distance relative to the weld pool 

centerline.  Differences in the peak temperature experienced by the material, the cooling 

rate, and composition at different locations relative to the weld centerline lead to the 

formation of three regions of varying microstructures.  The regions in order of increasing 

distance from the weld centerline are the fusion zone, heat affected zone (HAZ), and base 

metal.2, 20, 126  Heat source power density, heat input per unit length, and filler metal 

additions can influence weld microconstituents, mean grain size, and width and shape of 

the HAZ and fusion zone.  Changes in weld microstructure are very important to 

mechanical properties and weld integrity.2, 126, 131, 135 

 

2.7.2 Steel hybrid welds 

 

The application of hybrid laser/GMA welding has been limited primarily to the 

welding of low carbon steels.90-91, 126  Research has focused on the microstructures 

formed during laser/GMA hybrid welding due to the metallurgical benefit which filler 

metal additions can offer.90-91, 126  During laser/GMAW hybrid welding of pipeline steels, 

filler metal can promote the nucleation of microstructural constituents which improve 

toughness compared to autogenous welding.90   
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Recent research has also focused on the role of heat input on changes in the 

weldment microstructure for CO2 laser, GMA, and laser/GMA hybrid welding.90-91, 126  

Fig. 2.15 shows micrographs of the (a) mild steel base metal and (b) CO2 laser, (c) GMA, 

and (d) hybrid weld microstructures.91 

 

      

      
Fig 2.15:  Micrographs of mild steel (a) base metal, (b) laser, (c) GMA, and (d) hybrid 
weld microstructures.91  The laser and hybrid weld laser power was 4.5 kW.  The GMA 
and hybrid welds’ arc current was 180 A.  The welding speed for all welds was           
13.3 mm s-1. 

 

The mild steel (0.15 %C) base metal had a mean grain size of 25 µm and equiaxed 

ferrite with pearlite.91  After laser welding (heat input of 338 J mm-1), the microstructure 
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consisted primarily of lath martensite in the weld fusion zone with a small fraction of 

proeutectoid ferrite at the prior austenite grain boundaries.91  The width of the laser weld 

HAZ was relatively small compared to hybrid or arc welding due to the lower heat input 

per unit length.91, 126  Arc welding (432 J mm-1), resulted in a coarser fusion zone 

microstructure and wider HAZ than that of the laser or hybrid welds due to the low power 

density and high heat input of the arc welding process.91  The arc weld fusion zone91 

microstructure was composed of columnar proeutectoid ferrite with intergranular acicular 

ferrite and pearlite.  The hybrid weld (770 J mm-1) displayed a higher heat input than the 

arc weld, resulting in a fusion zone microstructure that contained a greater amount of 

pearlite than the arc weld.91   

Microhardness profiles are shown in Fig. 2.16 for GMA, CO2 laser, and 

laser/GMA hybrid welded mild steel.91  The fusion zone of the laser weld has the highest 

microhardness of the three welding processes and is significantly higher than that of the 

base metal, due to its small grain size and large fraction of martensite.  The hardness and 

strength values of the arc fusion zone are lower than those for laser and hybrid welds due 

to a coarser grain size and the presence of ferrite and pearlite.  Compared to laser 

welding, the additional heat input from the arc during hybrid welding reduces the cooling 

rate of the weld and prevents the formation of martensite.  The relatively higher amount 

of pearlite present in the hybrid weld fusion zone contributes to its higher strength and 

hardness compared to arc welding.   

The current literature indicates that the hybrid welding process consistently 

improves weldment microstructure.15, 110, 136-137  However, modifying the heat input per 

unit length can cause the hybrid welding process to produce microstructures similar to 

either laser or arc welding.126  Relatively high heat input (796 J mm-1) CO2 laser/GMAW 

hybrid welding of medium carbon steel results in the formation of coarse columnar grains 

in the weld fusion zone.126  The columnar grains are composed of proeutectoid and 

acicular ferrite, and the microstructure contains intergranular pearlite.126  The HAZ is 

composed of a large fraction of coarse pearlite with intergranular proeutectoid ferrite.  
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Fig. 2.16:  Microhardness as a function of distance from the weld centerline for GMA,  
CO2 laser, and laser/GMA hybrid welds made on mild steel samples.  The hybrid weld is 
represented by two microhardness profiles.  The arc zone is located closer to the surface 
of the weld pool, while the laser zone of the hybrid weld is located closer to the weld 
root.  The arc and laser weld microhardness samples were taken relatively close to the 
weld pool surface.91 
 

Decreasing the heat input per unit length to 547 J mm-1 results in the formation of 

a much finer microstructure composed of martensite and very little proeutectoid ferrite.126  

The HAZ is primarily composed of martensite with intergranular proeutectoid ferrite.126  

The drastic change in the microconstituents of the medium carbon steel is due to large 

differences in heat input and cooling rate.  The temperature gradients and cooling rates in 

the low heat input hybrid weld are greater than the higher heat input case.   

 

2.7.3 Magnesium and aluminum hybrid welds 

 

 Magnesium alloys can be easily recycled and have a relatively high strength to 

weight ratio, making them an attractive alternative for the replacement of denser 

structural materials.  Since magnesium alloys are precipitation hardened, the heat input 

per unit length of the welding process becomes very important.  Heat input is particularly 
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important for these alloys in determining precipitate size, shape, distribution, and mean 

grain size and orientation of the α phase.128  Research on the hybrid welding of 

magnesium alloys (primarily AZ31B) has focused on the laser/GTAW process.124, 128, 136, 

138   

The microstructure of AZ31B magnesium alloys is composed of equiaxed α-Mg 

(HCP) with interspersed ellipsoidal β-Mg17(Al,Zn)12 precipitates.128, 139  Fusion zone 

(FZ), heat affected zone (HZ), and base metal (BZ) microstructures for (a) Nd:YAG  

laser, (b) GTA, and (c) hybrid welded AZ31B magnesium alloy are shown in Fig 2.17.124   

 
 

 
 

25 µm 

25 µm 
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Fig. 2.17: Fusion zone (FZ), heat affected zone (HZ), and base metal (BZ) 
microstructures for (a) Nd:YAG laser, (b) GTA, and (c) hybrid welded AZ31B 
magnesium alloy.124  The laser power was 400 W for the laser and hybrid welds.  The arc 
current for the arc and hybrid welds6 is approximately 70 A. 

 

Compared to the base metal, Nd:YAG laser welding of 1.7 mm thick AZ31B 

magnesium alloy at a 400 W laser power (Fig. 2.17 (a)) results in finer equiaxed grains 

and precipitate coarsening in the weld fusion zone.124  The mean grain size for the base 

metal α phase is approximately 25 µm, and base metal β precipitates are on the order of 

200 nm in length.115, 124, 128   The mean grain size of the laser weld fusion zone α phase is 

approximately 6 µm, but the length of the β precipitates is not apparent.124  Coelho et al128 

evaluated 2.2 k W Nd:YAG laser welding of AZ31B magnesium alloy and determined 

that the lengths of β phase precipitates in the fusion zone after laser welding are between 

300 and 500 nm for a welding speed of  91.7 mm s-1.128  Precipitate coarsening results 

from segregation of aluminum within the fusion zone.115, 128 

GTA welding of 1.7 mm thick AZ31B magnesium alloy at 70 A results in a mean 

fusion zone grain size of 30 µm, as shown in Fig. 2.17 (b).124  The fusion zone 

microstructure is composed of an α-Mg matrix with α-Mg + β-Mg17Al12 eutectic phase, 

which is coarser in the fusion zone than HAZ.124, 140  The HAZ microstructure is 

predominantly α-Mg with small β precipitates.124, 140  In the case of GTA welding of 

AZ31B magnesium alloy, the HAZ width is much larger than that obtained during laser 

welding, and the high heat input of the arc process results in significantly larger grains.140   

25 µm 
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Hybrid welding tends to result in a fusion zone weld microstructure composed of 

equiaxed α-Mg grains which are similar to that obtained during arc welding.115, 124        

Fig. 2.17 (c) shows the fusion zone and base metal microstructures of 400 W laser power, 

70 A arc current hybrid welded AZ31B magnesium alloy.124  The β precipitates in the 

fusion zone are much coarser than those in the base metal.124  The quantitative effects of 

heat input on β precipitate sizes for GTA and hybrid welding are unknown and would be 

a beneficial area of research in order to further the application of hybrid welding 

magnesium alloys. 

Changes in weld microstructure influence the mechanical behavior of the weld 

material relative to the base metal.  Table 2.2 compares the microstructural features and 

mechanical properties of AZ31B arc, laser, and hybrid welds.3  In the longitudinal 

direction, the laser fusion zone and base metal yield and ultimate tensile strengths are 

similar,128 but the ductility of the fusion zone is lower.  The reduced fusion zone ductility 

compared to that of the base metal is due to precipitate coarsening.115  In the transverse 

direction, the relatively lower tensile strength for laser welded AZ31B magnesium alloy 

compared to that of the base metal can be attributed to undercut and porosity.115    Arc 

welded AZ31B magnesium alloy tensile strength is approximately 94% that of the base 

metal.140  The HAZ and fusion zone have similar microhardness values, which are 

slightly less than that of the base metal due to α grain coarsening.140  In the case of hybrid 

welding, the mean grain size is similar to that of the base metal, resulting in similar 

microhardness and ultimate tensile strength.115, 138  The increase in hybrid weld ultimate 

tensile strength compared to that during laser welding is due to lower porosity content.115  

However, the ductility decreases due to precipitate coarsening, which can provide a 

pathway for crack propagation. 115 

While the relatively high thermal conductivity and reflectivity to laser radiation58, 

123, 125, 127 can be overcome in the laser welding of Al alloys, the ability to easily add filler 

metals during hybrid welding makes it very attractive to join large sections of aluminum 

sheet quickly.  Most of the current research on the hybrid welding of 7xxx series 

aluminum alloys uses the laser/GMAW hybrid welding process.58, 123, 125, 127  These 

aluminum alloys gain their strength via precipitation hardening.127  The size and 
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distribution of these precipitates are dictated primarily by the temperature cycles and 

alloying element additions in the weld fusion zone.127   

Nd:YAG laser/GMA hybrid127 and fiber laser125 welding of 7XXX series 

aluminum alloys with the addition of filler metal result in very similar 

microconstituents,58, 125, 127 as shown in Fig. 2.18.  However, the fusion zone mean grain 

size for hybrid welding is larger than that for laser welding.  The microstructures consist 

of columnar dendrites at the fusion zone boundary and fine equiaxed grains along the 

weld centerline.  During solidification, segregation of the alloying elements causes 

precipitates or eutectic films to form along the dendrite boundaries in the fusion zone,127 

resulting in decreased ductility.127  The hybrid weld HAZ width is significantly larger 

than of the laser weld due to a relatively higher heat input.  It is important to have a low 

heat input per unit length in order to retain more of the base metal mechanical properties.   
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Fig. 2.18: Fusion zone microstructures of (a) Nd:YAG laser/GMAW hybrid welded 
AA7075(T6) aluminum alloy127 and (b) fiber laser welded125 (with filler metal) 7xxx 
series aluminum alloy.  
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 Autogenous laser (Yb fiber laser and Nd:YAG) and laser/GMAW hybrid welding 

processes cannot achieve the same mechanical properties and microstructural 

characteristics of the base metal in 7xxx series aluminum alloys without additional heat 

treatment.125  In Fig. 2.19, the microhardness profiles for a 7xxx series aluminum alloy 

are shown for autogenous (a) Yb fiber laser,125 (b) autogenous Nd:YAG laser,127 (a) Yb 

laser/GMAW hybrid,125 and (c) Nd:YAG laser/GMAW127 hybrid welds. 

 

 
 

 

 
 

 

 

Hybrid top 
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Fig. 2.19: Microhardness profiles of (a) post welding heat treated Yb fiber laser and Yb 
laser/GMAW hybrid,125 (b) aged Nd:YAG laser,127 and (c) as-welded Nd:YAG 
laser/GMAW hybrid welds based upon the work of Hu and Richardson.125  The welds 
were made on (a) 7xxx series and (b and c) AA7075(T6) aluminum alloys.  The hybrid 
weld was evaluated close to the top surface of the weld (hybrid top) and at the mid depth 
of the weld (hybrid mid) in Fig. 2.19 (a).  The hardness profiles are functions of the 
distance across the weld fusion zone and distance from the weld centerline. 

 

The results in Fig. 2.19 (a) and (b) are measured after a post weld heat treatment 

or aging (actual procedure unknown for (a) and 120 oC for 24 hours (b)), and the results 

shown in Fig. 2.19 (c) are in the as-welded condition.125, 127  The low hardness of the 

fusion zone arises from the formation of precipitates and eutectic films along the 

boundaries of the columnar dendrites in the weld fusion zone, for both laser and hybrid 

welding.125, 127  The HAZ hardness is greater than that of the fusion zone but tends to 

taper off due to coarsening or phase transformations at high temperatures.127  Tensile 

testing of the 7xxx series aluminum alloy laser and hybrid welds shows that the fusion 

zones for the two welding processes can have similar mean tensile strength compared to 

the base metal depending upon the post weld heat treatment (~550 MPa).125, 127  

Depending upon the post welding heat treatment, the welded material percent elongation 

was 6% or less compared to 14% for the base metal.  The HAZ shows higher strength and 

ductility than the fusion zone.125   

 The benefit of the hybrid welding process for the joining of aluminum and 

magnesium alloys mainly originates from the ability of this process to adjust filler metal 
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additions, heat input, and post heat treatment processes.  However, further 

characterization and analysis of filler metal and base metal combinations and processing 

parameters and their effect on weldment structure and mechanical properties is necessary. 

 

2.8 Summary 

 
Hybrid welding involves simultaneous interactions between energy absorption, 

alloying element vaporization, plasma formation, keyhole formation, heat transfer, and 

fluid flow processes.  These physical processes influence weld width and depth, cooling 

rates, and weld composition.  In turn, heating and cooling rates and weldment 

composition affect the resulting weld microstructure and mechanical properties.  Hence, 

understanding the physical processes which occur during hybrid welding is very 

important and necessary to utilize the benefits of hybrid welding reliably. 

The simultaneously occurring physical processes of hybrid welding are very 

complicated and interconnected.  The plasma properties influence the liquid weld pool 

physical processes and vice-versa.  Plasma characteristics affect arc stability and can 

influence the laser beam energy absorption.  The absorption of the high power density 

laser during hybrid welding results in rapid vaporization and significantly affects arc 

stability and plasma characteristics.   

Several important unanswered questions remain regarding the physical processes 

during hybrid welding.  The heat transfer and fluid flow during hybrid welding are not 

well understood.  The driving forces for fluid flow and significance of convection need to 

be addressed due to their importance in determining the resulting weldment shape, 

temperature profiles, and cooling rates.  Energy absorption and heat transfer influence the 

vaporization rates of metal vapors entering the hybrid welding plasma.  The introduction 

of metal vapors into the plasma affects arc stability, plasma electrical conductivity, and 

arc energy absorption, which influences heat transfer in the weld pool.  A better 

understanding of the heat transfer and fluid flow is necessary to analyze the influence of 

the laser-arc interaction on weld bead shape during hybrid welding. 

Modeling has been a useful technique for successfully analyzing heat transfer and 

fluid flow for arc and laser welding.  Numerical methods offer a means of understanding 
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the influence which heat transfer and fluid flow have on important weld attributes, such 

as cooling rate.  These analytical techniques can help to better understand the source of 

increased weld width during hybrid welding, which is important for weld integrity.   

Evaluating the role which surface active elements play in low power density laser 

and arc welding has been successful in the past with the use of phenomenological based 

models.  Increasing the surface active element content in the base metal or shielding gas 

increases weld depth during high power density laser and laser/GTA hybrid welding.  

Weld depth is very important to structural integrity.  However, the processes which result 

in increased weld depth are not known.  Modeling can be useful for analyzing the role of 

surface active elements during high power density laser and hybrid welding. 

Process parameters have an impact on the physical processes occurring during 

hybrid welding.  Many questions remain regarding the effects of important process 

parameters on hybrid welding physical processes.  These important process parameters 

include: arc current, heat source separation distance, and laser power.  For example, the 

influence of heat source separation distance on hybrid weldment temperature profiles and 

cooling rates remains unknown.  By understanding the effects of these important process 

parameters on heat transfer, fluid flow, cooling rates, weld temperature profiles, and weld 

bead shape, the benefits of hybrid welding can be better utilized to expand applicability 

of the process and repeatability.  A systematic approach must be undertaken to realize the 

effects of the important process parameters on weld dimensions, weld pool cooling rates, 

and plasma characteristics. 

Understanding the effects of arc current and heat source separation individually, 

while keeping all other parameters the same, on fluid flow and weld pool geometry are 

essential for more complete understanding of hybrid welding.  The combinations of these 

individual process parameters during the synergistic interaction between the arc and laser 

induced plasmas has not been thoroughly discussed in the literature.  Plasma properties 

are very important to the laser-arc interaction and arc stability.  Hybrid welding plasma 

characterization is only beginning.  Further analysis of the hybrid welding plasma 

characteristics is necessary to explain the role of important process parameters on arc 

stability.  A fundamental understanding of the roles which these process parameters play 
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during hybrid welding, particularly when an arc-laser plasma interaction is occurring, 

would greatly benefit the welding industry to improve process control. 

Optical emission spectroscopy has been useful for analyzing arc and laser welding 

plasma characteristics in the past.  This experimental technique allows for a non contact 

method of determining plasma temperatures, species densities, and electrical 

conductivity.  Plasma electrical conductivity can provide a means of analyzing the 

influence of important process parameters on arc stability during hybrid welding. 

The subsequent sections of the thesis aim to analyze the important 

aforementioned issues through theoretical and experimental analysis of the hybrid 

welding process.  The focus of all of the studies is an improved understanding of heat 

transfer, fluid flow, and plasma properties during hybrid welding.  Since hybrid welding 

can perform linear welds on thick material quickly with good gap tolerance, automotive, 

ship construction, and pipeline welding industries are expected to benefit most from this 

research 
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Chapter 3 

 

HEAT TRANSFER AND FLUID FLOW IN LASER/GTA HYBRID WELDING 

 

3.1 Introduction 

 

During high power density laser and laser-arc hybrid welding, the keyhole depth, 

liquid metal flow, weld geometry, and weld integrity are affected in part by base-metal 

sulfur content and oxygen (O2) present in the atmosphere or shielding gas.  Laser power, 

arc current, and heat source separation distance also influence weld bead geometry,1-8 

microstructure,9-12 arc stability,12-17 and plasma light emission.13-15, 18  While the role of 

surface active elements during arc welding19-24 and low power density (less than 105 W 

cm-2) laser welding7, 25-28 has been extensively studied, their influence during high power 

density keyhole mode laser and laser-arc hybrid welding is not as well understood.  

Previous studies29-36 have focused on experimentally demonstrating the empirical 

relationships between weld attributes and process parameters during laser-arc hybrid 

welding.  However, these studies have left unanswered questions about how the benefits 

of hybrid welding are achieved in a narrow window of process parameters. 

Sulfur is commonly present in steels, whereas oxygen is often introduced into the 

workpiece from the atmosphere or shielding gas.6  The presence of surface active 

elements in the workpiece can influence weld pool fluid flow by changing the surface 

tension gradient, which impacts convective heat transport and weld bead geometry.3, 7, 37-

42  In the case of high power density laser welding and laser-arc hybrid welding, it has 

been reported that increasing the O2 concentration in the environment reduces weld width 

and increases weld penetration depth.6  The effects of O2 present in the environment on 

weld geometry have been attributed to its effect on surface-tension driven flow,6 

enhanced absorption of laser energy,6 and the pressure exerted by formation of gaseous43 

carbon monoxide (CO).  No definite mechanism for the behavior of oxygen in keyhole 

mode welding has been established. 

Naito et al.6 observed that increasing O2 content in the environment of the 

workpiece resulted in deeper penetration and narrower weld width for keyhole mode laser 
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and laser-arc hybrid welds.  The post-weld oxygen concentration in the weld metal was 

greater for welds made under environments where oxygen was introduced to the 

shielding gas.6  X-ray measurements showed that the direction of fluid flow at the top 

surface was reversed when O2 was present in the atmosphere compared to when welding 

was done under pure argon atmosphere. 6  This effect of dissolved oxygen on Marangoni 

convection near the top surface was related to a lack of “nail head” shape in welds which 

were made in O2 containing environments.6  The presence of dissolved oxygen only 

altered the direction of fluid flow near the weld pool top surface and an influence on 

penetration depth was not directly evident due to a lack of change in fluid flow along the 

keyhole walls.   

Welds made under the same welding parameters can have somewhat different 

penetration depths and weld widths, often in different transverse sections of the same 

weld.  This is particularly true of keyhole-mode welds which can encounter spiking or 

fluctuations in weld penetration depth due to variation in the laser power density 

absorbed at the bottom of the keyhole.  Therefore, variation in weld dimensions with 

change in any process variable (for example, sulfur or oxygen content) should be 

compared to the amount of spiking for a given welding condition. Such statistical studies 

of the effect of oxygen and sulfur on keyhole mode welds have not been reported in open 

peer-reviewed literature. 

Heat transfer and fluid flow are important to weld bead geometry, cooling rates, 

microstructure, mechanical properties, and weld integrity.42, 44-47  The weldment 

temperature profile establishes the weld bead geometry and cooling rates which influence 

weldment microstructure, mechanical properties, and weld integrity.  The base metal 

composition and process parameters influence the heat transfer and fluid flow during 

welding and consequently the resulting weld integrity.  Hence, understanding the 

influence of surface active elements and process parameters on heat transfer and fluid 

flow is important and necessary.  

Zhao et al.43 showed that the penetration depth in keyhole mode laser welding 

coincides with the keyhole depth. They argued that the changes in fluid flow induced by 

the presence of dissolved O2 in the surrounding weld metal do not affect the keyhole 

depth. They proposed, instead, that formation of gaseous CO in the keyhole could 
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influence the keyhole shape by exerting a pressure on the keyhole walls.43  However, a 

quantitative understanding of the influence of CO formation on keyhole geometry 

remains to be developed.   

Experimentally, it is difficult to determine the influence of CO pressure on the 

laser generated keyhole.  High temperatures, the presence of metal vapors and plasma, 

and the small size of the keyhole, all make experimental measurements very difficult.  

Numerical modeling has previously offered a means of successfully evaluating the roles 

of heat transfer and fluid flow during high power density laser welding and laser-arc 

hybrid welding .41-42, 48  Several models based on the influence of pressures acting inside 

the keyhole have been proposed,27, 49-52  but these models did not consider the influence 

of surface active elements.27, 49-52   

Fuhrich et al.2 considered the fluid flow in keyhole mode laser welding of steel 

using a fixed keyhole geometry and a constant dγ/dT for two cases: (1) a positive value of 

dγ/dT, and (2) a negative value of dγ/dT.  They suggested that presence of surface active 

elements causes downward fluid flow at keyhole walls by making dγ/dT positive and 

leads to deeper penetration welds.2   However, it is known that the effect of surface-active 

elements on dγ/dT of liquid steel is limited to temperatures much below the boiling 

point.53  Furthermore, temperature variation along the keyhole walls is very small in laser 

beam welding and the temperature is often assumed to be constant.40-42  Therefore, the 

magnitude of the surface tension gradient along the keyhole walls is small in keyhole 

mode laser beam welding.40-42 

The physical processes during hybrid welding include energy absorption, 

vaporization, keyhole formation, plasma formation, heat transfer, and fluid flow.  The 

process parameters and material properties influence these simultaneously occurring 

processes.  For example, keyhole geometry depends upon the laser power density,12, 41-42, 

48 laser power, the concentration of surface active elements in the weld metal,2, 6, 43 heat 

source separation distance,13-15, 17, 42 the defocusing of the laser beam,12 and the laser 

beam characteristic wavelength.12  Experimentally analyzing physical processes during 

welding is difficult because they are complex, interconnected, and simultaneously 

occurring. 
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Modeling has allowed researchers to analyze the heat transfer and fluid flow 

during numerous weld processes.7, 42, 44-46, 48, 54-55    Phenomenological modeling has 

offered a successful means of analyzing the influence of surface active elements2, 4-5, 7 and 

process parameters3, 41, 44-46 on arc and laser welding.  These studies have successfully 

analyzed the role of surface active elements on fluid flow, and the significance of 

convective heat transfer in arc welding and low power density laser welding.  The results 

have lead to better process control and repeatability for several alloy systems and welding 

processes.  Hence, it is likely modeling can offer a means of successfully analyzing the 

influence of important process parameters and surface active elements on hybrid welding 

physical processes. 

Beyond a critical separation distance, the arc is unable to bend and root on the 

keyhole due to the lack of metal vapor introduced to the arc plasma, explaining why the 

effect decreases as the distance between the two heat sources increases.13-15, 17  Chen et 

al.13 experimentally studied the hybrid welding of AISI 321 Stainless Steel and observed 

the laser-arc interaction. They did not attribute the observed effects to any particular 

phenomena, but described that a particular value of separation between the two heat 

sources resulted in a relatively small increase in the penetration of the weld pool. Chen et 

al.13 also observed, with the aid of camera, that for relatively small separation distance, 

the arc appeared to focus down inside the keyhole of the weld pool throughout the 

welding process.13  

All of the benefits of hybrid welding are achieved at high welding speeds (~ 1 m 

min-1) while maintaining deep weld penetration depth similar to high power density laser 

welding.  It is the interaction of the heat sources which give rise to the benefits of hybrid 

welding.  Hence, a model which considers the laser-arc interaction is therefore necessary 

to accurately model the hybrid welding process. 

Modeling of the heat transfer and fluid flow of the hybrid welding process is in its 

early stages.  A limited number of studies have been completed for idealized cases.  The 

current transport phenomena based modeling of hybrid welding lacks validation, 

applicability, and consideration of the important laser-arc interaction.56-57  For example, 

Zhao et al. modeled laser/GMAW spot welding.  They analyzed the influence of metal 

droplets falling in the laser induced keyhole on liquid metal droplet momentum transfer 
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and weld composition, yet their work did not consider the important laser-arc interaction 

or include any experimental validation. 

In order to analyze the role of important process parameters and surface active 

elements on heat transfer and fluid flow during hybrid welding, a three-dimensional heat 

transfer and fluid flow model is presented.  Previous models have yet to analyze the 

influence of sulfur and oxygen on keyhole and weld pool geometry.  This model 

considers the influence of convection during hybrid and high power density laser welding 

for the determination of temperature and fluid flow profiles, which has yet to be analyzed 

using a model for hybrid welding in three dimensions.  The model utilizes a pressure 

balance at the keyhole walls to account for the influence of oxygen introduced to the 

shielding gas.  In order to incorporate the effect of the laser-arc interaction, the model 

allows for the modification of the arc power density distribution shape and arc root 

location.  Previous models have typically used a constant temperature condition at the 

keyhole boundary for the solution of the temperature and fluid flow profiles.  In the 

model presented here, a novel heat flux balance condition is utilized in order to overcome 

previous issues encounter with the constant temperature condition. 

The model results are experimentally validated using data provided in the 

literature, on experimental work performed at the Applied Research Laboratory (ARL) at 

The Pennsylvania State University.  The modeling results show the role of heat source 

separation distance and arc current on weld bead cooling rates.  In addition, the 

importance of convection and the significance of various driving forces for fluid flow 

during hybrid welding are determined.  Effects of heat source separation distance and 

laser power on weld bead dimensions are presented.  An analysis of the influence of 

surface active elements on weld bead geometry and fluid flow during high power density 

laser welding is presented so as to better understand the role of surface active elements 

during hybrid welding. 
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3.2 Mathematical Model 

 

3.2.1 Model capabilities 

 

 The computer code can calculate the following parameters for steady state 

keyhole mode laser, arc, and hybrid welding: 

• Three dimensional keyhole geometry 

• Three dimensional temperature fields in the workpiece 

• Two dimensional superimposed weld cross section 

• Fluid velocities in the weld pool in three dimensions 

• Cooling rates at user specified locations in the workpiece 

• Effects of welding variables on temperature fields, fluid flow, and cooling rates in 

the workpiece. 

 

3.2.2 Special features of the program 

 

• Laser beam characteristics, shielding gas oxygen percentage, welding process 

parameters, material properties, and grid information is specified by the user 

through a text file. 

• Properties of some common materials are stored in the program and need not be 

user specified. 

• Output in the form of a text file shows the peak temperature, the maximum fluid 

velocities in three directions, heat loss at different workpiece surfaces, and weld 

pool depth and half-width every 100 iterations. 

• The output also contains various data files for visualization of results. 

• A user friendly formatted output (heatbal.txt) of pertinent energy balance data 

concerning error in integration due to coarse grid, absorbed energy inside the 

keyhole, energy loss due to vaporization, and energy absorbed outside the 

keyhole. 

• Uses a turbulence model to estimate the enhanced heat and mass transfer due to 

fluctuating components of velocity. 
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• Uses a dynamic adjustment factor to insure what energy is provided by the laser 

beam inside the keyhole is actually what is transferred to the workpiece material. 

• A pressure balance in used along the keyhole surface in order to determine local 

keyhole wall temperatures and account for the formation of gaseous species 

which influence keyhole shape. 

 

3.2.3 Input file 

 

The input file contains user specified variables.  The input file consists of five 

categories: process parameters, material properties, numerical scheme parameters, 

boundary conditions, and geometrical grid parameters. 

 

1.  The process parameters include the input power for the heat sources, material 

absorption coefficient, welding speed, the location of the heat sources on the workpiece 

surface, a switch to indicate whether laser or electron beam welding is occurring, laser 

beam characteristics (distribution factor, profile shape, beam divergence, and beam radius 

at focal point), the percentage of oxygen in the shielding gas, a switch to indicate the 

necessity of an electromagnetic force calculation, arc power density distribution factor, 

and arc efficiency. 

 

2.  A material index identifies the workpiece material as indicated in the input file below.  

If the user specifies zero as the value for any material property (thermal conductivity, 

specific heat, concentration of surface active elements, etc.), the program implements an 

appropriate default value stored in the database (matselect.for).  Alternatively, if a better 

estimate is available, the user can specify a non-zero value for any material property.  

The database values will be selected only if the user provides zero as the input for any 

material property (surface active element concentrations and emissivity are zero by 

default). 

 

3.  The numerical scheme parameters include the maximum number of iterations, the 

time step and maximum time for a transient calculation, the under-relaxation for pressure, 
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velocity, and enthalpy, and also the indices for saving and loading file.  If the index for 

saving a file is 1, the u, v, w velocities, pressure, and temperature at each grid location are 

stored in a file tmp.sv. If the index for loading is 1, the u, v, w velocities, pressure and 

temperature at each grid location is read from the file tmp.sv and taken as the starting 

value of calculations.  However, the total number of grid locations in x, y and z directions 

must be kept the same as that in the tmp.sv file. 

 

4.  The boundary conditions contain the heat transfer coefficient at the 5 faces of the 

workpiece (all except the symmetry face), the temperature at these faces, the initial 

temperature (or pre-heat temperature) of the work-piece, and ambient temperature.  We 

allow three types of boundary conditions at east, west, bottom, top, and north surfaces. (I) 

surface temperature is given; (II) convective heat flux with hc calculated using equation: 
25.05 )8.1(')103571.1( TChc ∆××= −  

and (III) convective heat flux with hc supplied by the user. This is done by determining 

the value of heat transfer co-efficient hc in the input file as follows.   
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5.  Fixed non-uniform rectangular grids are used for x, y, and z directions. The 

geometrical parameters specifies by the user generate the mesh – the number of zones in 

each direction, length of each zone, number of control volumes in each zone, and the 

exponents to control the location of control volume interfaces. Finer grids are used near 

the heat source compared to regions further away. 
 
!-----process parameters-------------- 
7000.0    !laser power (watt) 
0.27    !material absorption coefficient 
1.0    !plasma attenuation coefficient,(1/cm) 
0    !laser or e-beam weld? (0 = laser, 1 = e-beam) 
1 !laser beam profile type (1= hyperbolic, 2= Kaplan model, 3= uses 

divergence) 
0.0    !divergence, mm/mm 
0.0048   !c1, beam profile parameter, coeff of x^2 
0.02     !c2, beam profile parameter, coeff of x 
0.025    !laser beam radius at focal point(cm) 
0.0    !defocus (cm) 
1.5    !laser power distribution factor 
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0.0    !arc current, A 
13.0    !arc voltage, V 
0.4    !arc efficiency 
0.055    !arc radius, cm 
0.5    !arc distribution factor 
1    !emf calculation necessary? (1=yes, 0=no for load file) 
0.0    !percentage of oxygen in shielding gas 
1.3    !starting location of beam, cm 
1.3    !staring location of the arc, cm 
1.67    !welding speed, cm/s 
!-----material properties----------------------- 
5 !1 -> 304L SS, 2 -> V, 3 -> Ta, 4 -> Ti-6Al-4V, 5 -> 21-6-9 stainless 
98.54 !wt % of a, Fe/V/Ta/Ti 
0.0 !wt % of b, Cr/ / /Al 
0.0 !wt % of c, Ni/ / /V 
1.46 !wt % of d 
7.0            !density of liquid (gm/cm3) 
5.8  !density at boiling point (gm/cm3) 
0.07             !molecular viscosity of liquid (gm/cm-sec) 
1745.           !solidus temperature  (K) 
1785.           !liquidus temperature (K) 
286.8          !enthalpy of solid at melting point  (cal/gm) 
301.14           !enthalpy of liquid at melting point (cal/gm) 
0.17           !specific heat of solid  (cal/gm-K) 
0.19           !specific heat of liquid (cal/gm-K) 
0.191  !specific heat of liquid at boiling point (cal/gm-K) 
0.05            !thermal conductivity of solid,(cal/cm-sec-K) 
0.07            !thermal conductivity of liquid, (cal/cm-sec-K) 
0.0717  !thermal conductivity at boiling point,(cal/cm-sec-K) 
1.3e-5           !coefficient of thermal expansion (1/K) 
0.0              !emissivity of the material 
-0.49              !d(gamma)/dT of pure material (dynes/cm-K) 
0.006              !concentration of surface active species (wt%) 
0.13e-8            !surface excess at saturation (mole/cm2) 
-0.397e5           !enthalpy of segregation (cal/mole) 
0.318e-2           !entropy factor 
!-----numerical scheme parameters--------------- 
100              !maximum number of iterations 
0.6                !underrelaxation for u-velocity 
0.6                !underrelaxation for v-velocity 
0.6                !underrelaxation for w-velocity 
0.8                !underrelaxation for pressure 
1.0                !underrelaxation for enthalpy 
0                  !index for saving file  (1 = save) 
0                 !index for loading file (1 = load) 
!-----boundary conditions-------------------------------------------- 
100.0           !heat transfer coefficient at west face   (cal/cm2-s-K) 
100.0             !heat transfer coefficient at east face   (cal/cm2-s-K) 
100.0              !heat transfer coefficient at north face  (cal/cm2-s-k) 
0.005               !heat transfer coefficient at bottom face (cal/cm2-s-K) 
-100.0                !heat transfer coefficient at top face    (cal/cm2-s-K) 
298.0              !temperature at west face   (K) 
298.0              !temperature at east face   (K) 
298.0              !temperature at north face  (K) 
298.0              !temperature at bottom face (K) 
298.0              !preheat temperature (K) 
298.0              !ambient temperature (K) 
!-----geometrical parameters--------- 
8         !number of x-zones 
1.0   0.15 0.15 0.15  0.8 0.3 9.0  0.15  !length of each x-zone (cm) 
8     10   25   25    80  20  15   10 !number of control volumes in each x-
zone 
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-1.8 -1.4  1.0  1.0   1.0 1.0 1.0  1.0 !exponents to locate control volume 
interfaces 
4               !number of y-zones  
0.05 0.3  0.8  0.15 !length of each y-zone (cm) 
10   45   20   10 !number of control volumes in each y-zone 
1.0  1.0  1.0  1.0   !exponents to locate control volume interfaces 
5               !number of z-zones  
0.1  0.8  0.5 0.4 0.2       !length of each z-zone (cm) 
10   15   40  25   25  !number of control volumes in each z-zone 
1.0 -1.2  1.0 1.0 1.0 !exponents to locate control volume interfaces 

 

3.2.4 Output file 

 

The output.txt file contains all of the input parameters specified in the input file.  

It also contains the x, y, and z-grid locations in the domain e.g. positions of x(i) and xu(i) 

as shown below.  A section of the output file generated by these is given below. 

 
A section of output file: 

 
   i=    50        51        52        53        54        55        56 
   x=  3.911E-01 4.021E-01 4.135E-01 4.253E-01 4.373E-01 4.496E-01 4.623E-01 
  xu=  3.856E-01 3.965E-01 4.077E-01 4.193E-01 4.312E-01 4.434E-01 4.559E-01 

 

Every 100 iterations, the code gives the peak temperature, maximum fluid 

velocities in three directions, heat loss from the workpiece surface, weld depth and half-

width, and the residuals for the enthalpy, mass conservation, and momentum calculations, 

the average values of viscosity and thermal conductivity, the diameter of the keyhole 

along the welding direction in centimeters, the radius of the keyhole in transverse to the 

welding direction in centimeters, the effective absorption coefficient in the keyhole due 

to multiple reflections, and the ratio of the initial calculated keyhole surface area relative 

to the adjusted area to match the energy absorbed by the laser beam in the keyhole with 

the energy supplied from the keyhole surface to the workpiece material.  As a rule of 
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thumb, the residuals should be on the order of 1 x 10-3 at a maximum in order to ensure 

convergence to a correct solution.  An example of the code output is provided below. 
 
  iter    time/iter    res_enth    res_mass     res_u      res_v      res_w 
  3000      0.347      1.10E-06    2.83E-07    5.89E-06    5.71E-06    7.41E-06 
  Tmax       umax        vmax        wmax       length     depth    half-width 
  3102.      17.9        18.6        13.6        0.881      0.929      0.270 
  north   south    top   toploss  bottom   west    east  hout    hin    ratio 
  -94.0     0.0    23.4    -3.0     0.0  1240.4 -1768.0  -618.6  613.4    1.01 
  muAv     muM     kAv      kM    xk        yk        AbsMR    Aratio 
   0.76    7.37    0.21    1.61    0.186     0.053     0.938     2.163 

 

After the completion of calculations, the following summary of results is given which 

includes the time to cool, and the cooing rate, between two temperatures (1073 K and 773 

K): 

 
  Length of the pool     (cm)                 1.0947E+00 
  Depth of the pool      (cm)                 1.8236E-01 
  Half-width of the pool (cm)                 3.2329E-01 
  Peak temperature       (K)                  3.1859E+03 
  x1073(cm), x773(cm), t8-5(s)    1.869   3.581   1.025 
  Maximum u-velocity     (cm/s)               2.0402E+01 
  Maximum v-velocity     (cm/s)               3.6398E+01 
  Maximum w-velocity     (cm/s)               9.7249E+00 
  Rate of heat input     (cal/s)              2.0746E+02 
  Rate of heat output    (cal/s)             -2.0821E+02 
  Ratio of heat input to heat output          1.0036E+00 
 
  Date: 2008- 7- 2  time: 11:15:15 
 
  Total time used:     0  hr    18  m     1  s 

 

b)  Tecout.dat contains following variables in ordered form, obtained after the final 

iteration: 

"X", "Y", "Z", "U", "V", "W","T","P","VIS" 

X, Y and Z are the co-ordinates (in mm) of grid points. U, V and W are the velocities (in 

mm/s) at the grid point in x, y and z-direction. T is the temperature in K, P is the pressure 

in dyne/cm2, and VIS is the viscosity in kg/m-s. This file can be directly opened using 

Tecplot® graphing program. It is very important for visualization of results obtained. 

 

c) For all values of z, geometry.dat stores the y boundary of the keyhole wall (or vapor-

liquid interface), the weld pool, and 100K temperature isotherms, which can be used to 

plot weld cross-sections in visualization software like Tecplot®.  
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d) EMF_out.dat is an output data file which contains the electromagnetic force field data, 

which is calculated during an arc or hybrid welding simulation.  Emf_out.dat contains the 

calculated values of the current density vector (J) and magnetic flux (B) vectors for a 

specified arc condition, i.e. radius and current.  This file is either repeatedly used 

assuming the same grids and arc conditions are implemented, or is written by the code for 

each individual simulation. 

 

e) Heatbal.txt is a formatted output of the laser power, arc power, Fresnel absorption 

coefficient, arc efficiency, laser beam radius at the focal point, arc radius, laser power 

density distribution factor, arc power density distribution factor, computed keyhole depth, 

computed keyhole surface area, calculated laser energy falling inside the keyhole, outside 

the keyhole, and on half the workpiece, the actual laser energy falling on half the 

workpiece, the error in the energy integration, the calculated arc energy falling on half the 

workpiece, the actual amount of arc energy falling on half the workpiece, the error in arc 

energy integration, the computed laser energy absorbed inside the keyhole and outside 

the keyhole, the calculated laser beam energy lost to vaporization of alloying elements, 

the effective absorption coefficient due to multiple reflections of the laser beam inside the 

keyhole, the net heat input rate, and the net heat output rate. 

 

 f) Keyholecalc.txt provides the calculated pressure terms, local keyhole wall 

temperature, and local keyhole radius along the keyhole depth.  In addition, the file 

provides the calculated keyhole depth from the keyhole calculation. 

 

3.2.5 Calculation procedure 

 

The program calculates the three dimensional temperature and fluid velocity 

profiles for steady state keyhole mode laser, GTA, and laser/GTAW hybrid welding 

where the heat sources are acting on the workpiece at either the same or different 

locations.  Below is a flow chart demonstrating the calculation procedure for the code.  

Initially the input file is read and the grids are generated for the workpiece.  An initial 

keyhole profile is calculated based on a point by point energy balance and pressure 
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balance at the keyhole surface.  Once the initial keyhole profile is calculated, the 

Rosenthal equation is solved to determine the three-dimensional temperature keyhole 

geometry based upon the calculated temperature profile for the entire workpiece.  The 

code then initializes all variables and calculates spatial variation of any heat source 

intensities.  In the case when an arc heat source is present, the EMF field is also 

calculated.  The iteration loop commences and proceeds until the maximum number of 

iterations is achieved, or the convergence criterion is met.  Once the iterative looping 

process of the code commences, enthalpy values are determined for the entire workpiece, 

accounting for the respective boundary conditions, and enthalpy is converted into 

temperature values.  Then, the temperature of the workpiece is updated and the pool 

geometry is calculated based upon the thermophysical properties.  As the temperature of 

the workpiece changes throughout the iterative process, the physical properties of the 

material are updated.  The velocity of the fluid in the liquid weld pool is calculated 

considering the effects of surface tension, buoyancy, and emf forces.  Residuals of the 

velocities, mass, and enthalpy are calculated to ensure the convergence to a precise 

solution.  The keyhole heat input is adjusted after 500 iterations to ensure that the total 

heat input from the keyhole surface is equal to the energy absorbed inside the keyhole 

from the laser beam.  Finally, the aforementioned output and data files are generated.  An 

outline of the calculation procedure is given in the flow chart in Fig.3.1. 
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Fig. 3.1: Outline of calculation procedure. 
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3.2.6 Major components of the code 

 

3.2.6.1 Calculation of keyhole geometry 

 

The following assumptions are made in the model: 1) Since the keyhole walls are 

nearly vertically, heat is transported mainly along the horizontal planes.  2) Plasma in the 

keyhole is assumed to have a constant absorption coefficient independent of location.  

Although this assumption cannot be rigorously defended, it greatly simplifies 

calculations. 

Three groups of input data are necessary to run the model:  the material 

properties, welding parameters, and the computational and geometrical parameters.  The 

output of the model includes geometry of the keyhole and three-dimensional temperature 

field of the weldment based on heat conduction in the workpiece.  The keyhole geometry 

is calculated based on point-by-point energy and pressure balance on the keyhole wall.  

The model then calculates the three-dimensional temperature field in the weldment.  The 

energy absorption by multiple reflections within the keyhole is also considered. 

 

3.2.6.1.1 Initial keyhole shape from energy and pressure balance 

 

Laser energy is absorbed and transferred into the molten metal on the keyhole 

wall.  The initial calculation of the local angle of the keyhole wall is considered to be 

determined by the balance between heat flux transferred into the keyhole wall, Ic, the 

locally absorbed beam energy flux, Ia, and the heat loss due to heat of evaporation, Iv.  

The heat balance equation is given as:55 

θ−
=θ

sin/II
I

)tan(
va

c     (3.1) 

The calculation of local keyhole angle θ requires the determination of Ic, Ia, and Iv.  

The calculation is done in two steps.  In the first step, the effects of plasma absorption 

and multiple reflections are not considered.  In the second step, these effects are taken 

into account based on the keyhole geometry obtained in the first set of calculations.  

Cartesian (x, y, z) and cylindrical (r, φ, z) coordinate systems are used alternatively in 
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this document.  In the Cartesian system, x is the coordinate in the welding direction, z the 

beam axis direction and y perpendicular to both x and z.  In the cylindrical system, r and 

φ are to equivalent polar coordinates corresponding to x and y, z is also the coordinate in 

the beam axis direction.  The co-ordinate system is shown by a schematic in Fig. 3.2. 

 

 
Fig. 3.2: Co-ordinate system for keyhole profile calculation. 

 

The heat flux conducted into the keyhole wall is deduced from a moving line 

source model developed by Rosenthal, which gives a solution for the temperature field in 

an infinite plate of certain thickness by:41-42, 55 
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where r and φ are defined schematically in the coordinate system shown in Fig. 3.2, Ta is 

the ambient temperature, P’ is the strength of the line source, i.e., power per unit depth, 

λth is the thermal conductivity, the function of Pe’r, Ko( ), is the second kind and zeroth 

order solution of the modified Bessel function, and Pe’ is defined as Pe’=v/(2κ), where v 

is the welding speed and κ is the thermal diffusivity. 

Assuming the heat flow in the z direction to be negligible, Fourier’s law of heat 

conduction determines the heat flux in the radial direction to be:41-42, 55 
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The spatial gradient of temperature with respect to r is obtained from equation. (3.3) as:41-

42, 55 
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where Ko’( ) is the derivation of Ko( ) and55 

)x(K)x('K 1o −=      (3.5) 

where K1(x) is the second kind and first order solution to the modified Bessel function. 

For the first set of calculations, only Fresnel absorption on the keyhole wall is considered.  

Therefore, the absorbed laser beam energy flux at any point (r, φ, z) on the keyhole wall 

is given by:41-42, 55 
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where the first term accounts for multiple reflections of the laser beam along the keyhole 

walls, and the second term accounts for the heat flux from the arc.  β is the inverse 

Bremsstrahlung absorption coefficient of the plasma generated by the laser, α is the 

absorption coefficient of the workpiece material, θ is the average angle between the 

keyhole wall and the incident beam axis, Io is the local incident laser beam intensity that 

varies as a function of depth and radial distance, Ia,o is the peak intensity of the arc, η is 

the arc efficiency (~ 0.25 - 0.7), ra is the arc radius, fa is the arc power density distribution 

factor, and DLA is the distance between the heat sources.  The local incident beam 

intensity is defined by:41-42, 55 









−








α=ϕ 2

f

2

l

2

f

fo
folo r

r
fexp

r
r

I)z,,r(I     (3.7) 

where Ifol and is the peak intensity of the laser at the focal points, rfo is the beam radius at 

the focal point, fl is the laser energy distribution factor, and rf is the local beam radius,.  

The peak laser and arc intensities are defined by:41-42, 55  
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where P is the power of the heat source.  The laser beam profile is chosen by the user in 

the input file.  The laser beam radius along the depth can be calculated using three 

methods, which is determined by the user.  First, the local beam radius (rf) as a function 

of the depth (z) can defined by the user (option number 2, Kaplan model) as:41-42, 55  
2/12

bfo

o
fof d/fr2

zz
1rr




















 +
+=     (3.10) 

where zo  is the beam defocusing, f is the laser beam focal length, and db is the diameter 

of the laser beam on the laser focusing lens.   Second, the laser beam radius may be 

determined using the divergence (option number 3) of the laser beam by: 

)zz(Drr ofof ++=      (3.11) 

where D is the divergence of the laser beam per unit depth in units of cm/cm.  Finally, the 

laser beam radius can be approximated by a polynomial fit (option 1) of a measured laser 

beam profile and is defined by: 

foo
2

of r)zz(B)zz(Ar ++++=    (3.12) 

where A and B are constants determined by the polynomial fit to the data.  At each 

horizontal xy plane, the keyhole boundary is identified by a minimum and a maximum x 

value for any y value.  If the user chooses to perform electron beam welding, the laser 

beam has a constant radius equal to the laser beam radius at the focal point. 

The evaporative heat flux, Iv, on the keyhole wall is calculated from the following 

relation:55 

∑
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i,vvv HJI      (3.13) 

where n indicates the total number of alloying elements in the alloy, Jv is the evaporation 

flux of element i and ∆Hv,i  is the heat of evaporation.  The evaporation flux at very low 

pressures can be accurately calculated from the Langmuir equation.  However, at one 

atmosphere pressure the Langmuir equation significantly over predicts the vaporization 

rate.  Based on previous studies at Penn State, the calculated evaporation flux using the 

Langmuir equation is usually 5 to 10 times higher than the experimental results.  In this 
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model, a factor of 7.5 is used to calculate the evaporation flux in g cm-2 s-1 from the 

modified Langmuir equation:55 
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where ai is the activity of the element i in the liquid alloy, Pi
o(Tv) is the equilibrium vapor 

pressure of element i over pure liquid at temperature Tv, Mi is the molecular weight of 

element i.  The activity of each alloying element is taken as its atomic fraction in the 

alloy. 

Rather than assuming a constant keyhole temperature along the depth of the 

keyhole, the keyhole temperature varies along the depth depending upon the local 

pressure balance.  The temperature at which the sum of partial pressures of the alloying 

elements weighted by their respective mole fractions equals the vapor pressure calculated 

from the pressure balance is taken as the keyhole wall temperature.  Partial pressures are 

determined from equilibrium temperature-pressure relationships. Calculated keyhole 

temperatures provide a means of determining the keyhole geometry. The pressure balance 

at the keyhole walls is given by: 

ghPPPPP loCOvr ρ++=++ γ    (3.15) 

where Pr is the recoil pressure, Pv is the vapor pressure, COP is the equilibrium pressure 

due to carbon monoxide (CO) formation in the keyhole, Pγ is the pressure due to surface 

tension, Po is the ambient pressure (1 atm), and the final term on the right hand side 

represents the hydrostatic pressure. 

 Several reactions were considered for the pressure balance at the keyhole wall for 

equation 3.15.  Table 3.1 shows several reactions considered at the keyhole wall 

temperature (3000 K) and the resulting order of magnitude of the gaseous species.  The 

most likely reaction to influence the pressure balance is the formation of carbon 

monoxide from dissolved carbon and oxygen in the weld pool. 
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Table 3.1: Partial pressure of various gaseous species reactions considered at the keyhole 
wall calculated at 3000 K. 

Reaction 
Partial pressure (atm)  

at 3000 K 
1/2 S2= [S] PS2 ~ 1 x 10-4 

1/2 O2 = [O] PO2 ~ 1 x 10-8 
S2 + 2 O2 = 2 SO2 PSO2 ~ 1 x 10-9 

2 CO (g) + S2 (g) = 2 COS (g) PCOS ~ 1 x 10-6 
C + O = CO (g) PCO ~ 0.15 

C + 1/2 S2 = CS (g) PCS ~ 1 x 10-4 
C + S2 (g) = CS2 (g) PCS2 ~ 1 x 10-5 

 

CO may form at the keyhole walls through the combination of dissolved carbon 

and oxygen: [ ] [ ] CO(g)OC =+ .  The standard energy change for this reaction (∆Go) is 

equal to (–22390.0 –39.7*T) in J/mol.58-60  The standard free energy change was used to 

determine the reaction equilibrium constant, Keq from the relation ∆Go = -RTlnKeq in 

order to estimate the equilibrium partial pressure of CO.  The equilibrium constant for the 

formation of CO is defined by:58 

OC

CO
eq aa

P
K =      (3.16) 

where aC and aO are the activities of dissolved carbon and oxygen in the steel.  The 

activity of the dissolved species is defined by:58 

)i(%a o
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where %i is the weight percent of element i in the alloy and o
iγ  is the activity coefficient 

of element i, which is defined by:58 
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where i
ie  is the first order interaction coefficient for the solute, and j

ie  is the first order 

interaction coefficient which accounts for the effect of the alloying element j on the 

activity coefficient of the solute i.  The oxygen concentration in the weld metal was 

measured after welding at two depths along the center of weld cross-section. The carbon 

and sulfur concentrations were taken from the nominal material composition before 

welding. 
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The activity coefficients were determined using the first order interaction 

coefficients from Sigworth and Elliott.60  The following are the first order interaction 

coefficients for carbon:60 

eC
C = 158/T + 0.0581   eC

Mn = -0.012   eC
Si = 162/T -0.008 

eC
P = 0.051    eC

N = 0.11   eC
S = 0.046 

eC
O = -0.34    eC

Cr = -0.024   eC
Ni = 0.012 

  

The following are the first order interaction coefficients for oxygen: 

 

eO
C = -0.45    eO

Mn = -0.021   eO
Si =- 0.131 

eO
P = 0.07    eO

N = 0.057   eO
O = -1750/T+0.734 

eO
S = -0.133    eO

Cr = 0.04   eO
Ni = 0.006 

where T is the local keyhole wall temperature.  The partial pressure of carbon monoxide 

(PCO) is given by.  

]C[]O[COeqCO aaKP =      (3.19) 

where a[C] is the activity of dissolved carbon in the weld metal.  The equilibrium constant 

for gaseous carbon monoxide is given by:59 
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The partial pressure of CO near the keyhole walls depends not only on the 

reaction thermodynamics but also the kinetic factors such as diffusion of solute atoms 

through the interfacial boundary layers. The equilibrium partial pressure of a gas 

calculated based on the reaction constants and bulk solute concentrations can be 

considered the maximum possible value of the actual gas pressure at the keyhole walls. 

The pressure of CO at the keyhole walls was taken as a constant factor times the 

equilibrium pressure calculated using bulk concentrations of dissolved oxygen and 

carbon. The choice of this factor was 0.8. 
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The pressure gradient along the keyhole is given by:61  

2r

vl8
P

µ
=∆      (3.21) 

where µ is the viscosity of the metal vapor in the keyhole, v is the average velocity of the 

metal vapors inside the keyhole, l is the depth of the keyhole, and r is the average keyhole 

radius.  The average velocity is approximated by J/c, where c is the molar concentration 

of metal.  The average keyhole radius is approximated by dividing the sum total of 

keyhole radii at various xy-planes along the keyhole depth by the total number of xy-

planes.   

The surface tension pressure term is given by:47  

r
P

γ
=γ       (3.22) 

where γ is the coefficient of surface tension, and r is the radius of the keyhole. The 

surface tension is given by:53 

)]RT/Hexp(ak1ln[RT)TT(A o
ilslp ∆−+Γ−−−γ=γ   (3.23) 

where γp is the surface tension of the pure material, A is the negative of dγ/dT for the 

pure material (-0.43 dynes cm-1 K-1 for pure iron), T is the local temperature, Tl is the 

liquidus of the alloy, R is the gas constant, Γs is the surface access at saturation              

(2.03 x 10-12 kmol cm-2 for Fe-O), kl is a constant related to entropy of segregation        

(1.38 x 10-2 for Fe-O), ai is the activity of oxygen (wt% of oxygen in metal), and ∆Ho is 

the enthalpy of segregation (-1.463 x 105 cal mol-1). 

 

3.2.6.1.2 Adjustment of keyhole heat input 

 

The keyhole heat input is adjusted as a means to ensure that the total heat input 

from the keyhole surface to the workpiece is equal to the energy supplied and absorbed 

inside the keyhole from the laser beam.  The condition is satisfied by: 

vaii HHAF −=∑      (3.24) 

where Fi is a flux at location i from the keyhole wall, Ai is the local area transverse to the 

flux direction at location i, Ha is the heat input absorbed in calories per second for the 

entire keyhole, and Hv is the evaporative heat loss inside the keyhole in calories per 
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second.  The heat input from the keyhole walls is equated to the absorbed energy inside 

the keyhole minus that loss to vaporization of alloying elements by modifying the heat 

source power per unit depth based upon the value of the dynamic adjustment factor 

defined by: 

∑
−

=
ii

va

AF
HH

f       (3.25) 

The adjustment factor is calculated after 500 iterations to allow the temperature 

isotherms to stabilize in the heat transfer and fluid flow domain before modifying the 

keyhole total heat input.  The factor is then used as a metric for modifying the heat source 

power per unit depth until the calculated adjustment factor results in a value close to one.  

It is important to realize that the adjustment of the keyhole heat input can result in an 

effective keyhole diameter that is larger than previously reported in the literature for 

instantaneous measurements.  The keyhole adjustment in this model is used as a means to 

obtain weld bead geometry and maintain the energy balance in the heat transfer and fluid 

flow calculations. 

 

3.2.6.2 Turbulence model 

 

During keyhole mode laser welding, the rates of transport of heat, mass and 

momentum are often enhanced because of the presence of fluctuating velocities in the 

weld pool. The contribution of the fluctuating velocities is considered by an appropriate 

turbulence model that provides a systematic framework for calculating effective viscosity 

and thermal conductivity. The values of these properties vary with the location in the 

weld pool and depend on the local characteristics of the fluid flow. In this work, a 

turbulence model based on Prandtl’s mixing length hypothesis is used to estimate the 

turbulent viscosity:41, 48  

tmt vlρ=µ      (3.26) 

where tµ is the turbulent viscosity, ml  is the mixing length, and tv  is the turbulence 

velocity. Turbulence velocity can be estimated from the turbulent kinetic energy. 

Assuming turbulent kinetic energy to be about 12% of the mean kinetic energy, the 
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turbulent velocity is approximately 35% of the mean velocity. Thus, the turbulent 

viscosity becomes, 

vl35.0 mt ρ=µ     (3.27) 

The corresponding local turbulent thermal conductivities are calculated by using 

turbulent Prandtl number, defined as 
T

pT

k

c
Pr

µ
= , to be 0.9. Effective viscosity at a 

particular point is given as the sum of the turbulent (µt) and laminar (µl ) viscosities, i.e., 

µ = µt +µl. 

 

3.2.6.3 EMF field calculation 

The electromagnetic force is generated by the interaction of the diverging current 

and the self induced magnetic field.  This electromagnetic force is also called the Lorentz 

force, which in the weld pool is a radially acting force inward and downward.  The 

Lorentz force pulls the liquid metal along the surface towards the center and pushes it 

down to the bottom of the weld pool, as shown by Fig. 3.3. 

 
Fig. 3.3:  The effect of the Lorentz force on fluid motion in the weld pool. 

 

The electromagnetic force, Fem, can be expressed as:62 

BJFem ×=       (3.28) 

where J is the current density vector and B is the magnetic flux vector.  The EMF field is 

axisymmetric about the arc.  Therefore, the current density, J, and magnetic flux, B, were 

first calculated in the axisymmetric coordinates, Jr is the radial component of J, Jz is the 

axial component of J, Bθ is the θ component of B.  For semi-infinite thickness of the 

workpiece Jr, Jz, and Bθ can be given as:62 
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where µm is the magnetic permeability (1.26 x 10-6 H m-1), I the welding current (A), Jo is 

the Bessel function of zero order and first kind, c is the thickness of the workpiece, z is 

the vertical distance from the origin, Jr is the radial component of current density, J1 is the 

first kind of Bessel function of first order and Bθ is the angular component of the 

magnetic field.  The above expressions are valid only for the current density distribution 

equal to 3.0 and when the radial and axial components of the magnetic field (i.e. Br and 

Bz) are both zero.  A more general expression for the calculation of Jr, Jz, and Bθ that can 

take into account various current distribution factors is as follows:62 
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where, d is the current density distribution factor.  The current density, J, and magnetic 

flux, B, calculated above in cylindrical coordinates can be transformed to the Cartesian 

coordinates using the following expressions:62 
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0.0Bz =       (3.39) 
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The finale expressions for the three components of the electromagnetic force are given 

by:62 

yzzyx BJBJF ⋅−⋅=      (3.40) 

zxxzy BJBJF ⋅−⋅=      (3.41) 

xyyxz BJBJF ⋅−⋅=      (3.42) 

 

Fig. 3.4 is a flow chart of the EMF calculation as performed by the code. 

 
Fig. 3.4: Flow chart of the EMF calculation subroutine. 
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3.2.6.4  Enthalpy Calculation 

 

The discretized form of the enthalpy equation can be written as:63 

 

VSHAHAHAHAHAHAHAHA U
o
P

o
PBBTTSSNNWWEEPP ∆+++++++=  (3.43) 

 

where ∆V is the volume of a cell, SU is the constant part of the source term S                    

(S=SU + SPhP), AE, AW, AN, AS, AT, AB represent the coefficients at the east, west, north, 

south, top and bottom neighbors respectively.  The variables AP
o and HP

o represent the 

coefficient and temperature of the previous time neighbor.  Fig. 3.5 shows the control 

volume in three dimensions. 

 

 
Fig. 3.5: Control volume in three dimensions 

 

According to the power law scheme, the coefficient AP is given by:63 
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The convective strength and diffusive strength can be defined as:63 
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where Γ represents the general diffusion coefficient.  For the enthalpy equation, it can be 

expressed as k/Cp.  k is the thermal conductivity (cal/cm-sec-K), Cp is the specific heat 

(cal/gm-K). 

In order to calculate the value of diffusion strength D, we need to know the value 

of diffusion coefficient Γ (k/Cp).  In the weld pool, because of non-homogeneity of 

temperature field, the temperature-dependent diffusion coefficients will be non-

homogeneous.  So it is necessary to calculate the value of diffusion coefficients of every 

grid point first.  Therefore, interpolations are required to obtain the value of diffusion 

coefficients.  Fig. 3.6 is of a scalar control volume in order to aid in understanding the 

derivation of the heat flux term. 

 

 
 

Fig. 3.6: Scalar control volume 

 

According to Fig. 3.6, the heat flux at the interface ‘e’ can be expressed as:63 
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A stepwise profile assumption is used (shown in Fig. 3.7) to describe the value of the 

diffusion coefficient in a control volume.  In order to maintain the heat flux continuity at 

the interface, we have:63 
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Then substituting equation (3.60) into equation (3.59), we have: 
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Fig. 3.7: Stepwise profile assumption for Γ 

 

 

 

 

 

According to equation (3.58) and equation (3.61), we can have: 
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3.2.6.5 Calculation of boundary conditions for enthalpy 

 

The enthalpy-temperature relationship to calculate the latent heat content (liquid 

fraction) is shown by Fig. 3.8. 

 

 
Fig. 3.8: Plot of enthalpy as a function of temperature 

 

The specific heat in the mushy zone is calculated by Cpa =  (Cps + Cpl) / 2.  Hcal is 

given as:  Hcal = Hmelt + Cpa (Tliquid – Tsolid) and the latent heat is defined as:  L = Hfriz - 

Hcal.  The heat exchange between the heat source and the surface of the sample is given 

by a Gaussian distribution:42 
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where fl and fa are the power distribution factors for the laser and arc, respectively, (0.5 

for arc and 3 for laser welding), xl and xa are the distances along the x axis from the heat 

sources, y is the distance along the y axis from the heat sources, rl and ra are the radii for 

the laser beam and arc, respectively, Q the laser power in watts, I is the arc current in 

ampere, V is the arc voltage in volts, and ηl and ηa are the laser absorption coefficient and 

arc efficiency, respectively. 

 

Total heat flux on top surface is (qin – qout) = F1 + F2 + F3 where F1 is the input heat flux, 

F2 is the radiation heat loss, and F3 is the convective heat loss.  In the present application, 

the heat flux is taken as a source term: 

F1 + F2 + F3 = su + sp*T    (3.65) 

 

where su = su1 + su2 + su3 and sp = sp1 + sp2 + sp3.  F1 is initialized to be zero, and is 

determined further by successive iterations using equation (3.64).  F2 is given by: 
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4
w2 TTF −σε−=      (3.66) 

 

where σ is the Stefan-Boltzmann constant (5.670 x 10-12 J K-4 cm-2 s-1), ε is the emissivity 

(0.5~0.9 for steels), Tw is the wall temperature in K, and Ta is the ambient temperature. 

 

The relationship between temperature and enthalpy is given by: 
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Upon substituting equation (3.67) into (3.66): 



 99

 

4
4
p

4
a2 )hA(

C
tF +

εσ
−εσ=     (3.68) 

Here, 

 









≥=+=

≤≤=+=

≤=+=

calplpmeltliquidp

calmeltpapmeltsolidp

meltpspmeltsolidp

HhforCCHTCA

HhHforCCHTCA

HhforCCHTCA

 

The flux is dependent on the variable h.  It can be linearized as: 
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The variable h* is the guess value or the previous iteration value of h.  Using this 

methodology we have: 
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Here, the variables A and Cp have the same values as in equation (3.68).  Convective heat 

loss (F3) is given by: 

)TT(h)TT(hF wacawc3 −=−−=    (3.71) 

where hc is the heat transfer coefficient.  Substituting (3.67) into (3.71): 
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From equation (3.72) we get su3 and sp3: 
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3.2.6.6 Three dimensional fluid flow and heat transfer 

 

3.2.6.6.1 Governing equations 

 

 In order to determine how the velocity and temperature change with respect to 

position in the weld pool due to the effects of the Marangoni force, Lorentz force, 

Buoyancy, arc pressure and plasma flow, the following equations of change are evaluated 

by the code: 

1. Mass conservation or continuity equation 

2. Momentum conservation or Navier-Stokes equation 

3. Energy conservation equation 

 

 Fig. 3.9 shows a schematic diagram of the weld pool with the liquid metal 

circulating.  The vectors represent the velocity fields inside the weld pool.  We take a 

small volume element (∆x∆y∆z) inside the weld pool and use it to derive the above 

equations of change. 
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Fig. 3.9: Schematic of control volume in liquid weld pool used for calculating equations 
of change 

 

 

The mass conservation equation is developed by writing a mass balance over the 

stationary volume element (∆x∆y∆z) shown above through which the fluid is flowing.  

Basically: 

  (3.73) 

Fig. 3.10 lists the mass fluxes entering and leaving the system in the x-direction.  The 

fluxes in the other two directions are analogous. 

 



 102

 
Fig. 3.10: Mass fluxes entering and leaving control volume in the x-direction. 

 

Considering first the pair of faces perpendicular to the x-axis as shown in Fig. 

3.10.  The rate of mass in through the face at x is zy)v(
xx ∆∆ρ .  The rate of mass out 

through the face at x +∆x is zy)v(
xxx ∆∆ρ

∆+
.  Similar expressions can be written for the 

y and z directions.  The rate of mass accumulation within the volume element is 

)t/(zyx ∂ρ∂∆∆∆ .  Using equation (54) the mass balance can be written as: 
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Dividing equation (3.74) by (∆x∆y∆z) and taking the limit as these dimensions approach 

zero, we get the differential form of the continuity equation as:64 
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    (3.75) 

where, ρ is density of the liquid at a point (x,y,z) (g/cm3), vx is the instantaneous velocity 

in the x-direction at (x,y,z) (cm/s), vy is the instantaneous velocity in the y-direction at 
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(x,y,z) (cm/s),  vz is the instantaneous velocity in the z-direction at (x,y,z) (cm/s),  and t is 

time (s).  This equation states that the rate of increase of the density within a small 

volume element fixed in space is equal to the net rate of mass influx to the element 

divided by its volume. 

For an incompressible fluid i.e. a fluid of constant density (ρ) the time derivative 

of density i.e. t∂∂ /ρ  becomes zero and the continuity equation reduces to:64 

0v =⋅∇      (3.76) 

This is the continuity equation used in the heat transfer and fluid flow code.  There is one 

discrepancy through, i.e. when calculating buoyancy force we do not consider density as 

a constant.  However, for this discrepancy, Boussinesq has stated that a physical quantity 

can be taken as constant in one equation and variable in another so long as it does not 

cause any significant variation in the observed results. 

Considering the same volume element as above, the momentum balance can be 

written as: 

 

 (3.77) 

 

Momentum flows in and out of the volume by two mechanisms:  (i) by convection 

(i.e. by virtue of the bulk fluid flow) and (ii) by molecular transfer or diffusion (i.e. by 

virtue of the velocity gradient).  The forces acting on the volume element include:  (i) 

pressure forces acting on the surface and (ii) gravity forces acting on the volume as a 

whole. 

When using the Navier-Stokes equation for the calculation of fluid flow in the 

weld pool we assume an incompressible fluid and Newtonian flow.  Incompressible fluid 

implies the density is assumed constant.  Newtonian flow implies that the momentum 

flux is proportional to the negative of the local velocity gradient.  The x-component of the 

momentum conservation equation can be written as:41-42 
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where ρ is the density of the fluid (g cm-3), µ is viscosity of the fluid (g cm-1 s-1), p is the 

fluid pressure on the surface of the volume element (g cm-1 s-2), Sx is the source term 

which includes all effects that are not included in the other terms, such as buoyancy 

force, electromagnetic force, the gravitational force, and Marangoni stress, vi and xi 

represent velocity and distance along the “i” direction where i = x, y, z.  Hence the terms 

having these actually represent a sum of three terms; for example: 
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    (3.79) 

In the case of Gas Tungsten Arc (GTA) welding if we fix our reference frame to 

the heat source then the problem becomes one of pseudo-steady state.  Hence the time 

derivative terms vanishes i.e.: 

0
t

v x =
∂

∂
ρ      (3.80) 

Considering the same volume element as above, the energy balance can be written 

as: 

 

(3.81) 

The equation for the calculation of heat transfer in the weld pool for incompressible fluid 

flow can be written as:41-42 
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where S is the source term which includes all effects that are not included in the other 

terms, such as the work done on the fluid per unit volume by the gravitational forces, 

pressure forces, viscous forces and electromagnetic forces, pĈ is the specific heat of fluid 

at constant pressure (cal g-1 K-1), T is the local temperature (K), k is the thermal 

conductivity of the fluid (cal s-1 cm-1 K-1). 
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3.2.6.7 Boundary conditions 

 

For a steady state problem initial conditions are not needed.  The calculation 

domain is shown by Fig. 3.11. 

 

 
Fig. 3.11: Boundary conditions and calculation domain 

 

3.2.6.7.1 Top surface 

 

Net heat flux, F, is given by the following equation: 

 

ocri FFFFF +++=       (3.83) 

 

where Fi is the input heat flux, Fr is the radiation heat loss, Fc is the convective heat loss, 

and Fo is the other heat loss such as evaporative heat loss. 

 

3.2.6.7.1.1 Input heat flux 

 

The heat transfer from the heat source, such as arc and laser, to the workpiece is a 

very complicated physical phenomenon.  Although some experimental and theoretical 

works have been carried out, this process has not been well understood to date.  In the 

literature, a Gaussian distribution function has been widely used to approximate the heat 

flux from the heat source:41-42 
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where fl and fa are the power distribution factors for the laser and arc, respectively, xl and 

xa are the distances along the x axis from the heat sources, y is the distance along the y 

axis from the heat sources, rl and ra are the radii for the laser beam and arc, respectively, 

Q the laser power in watts, I is the arc current in ampere, V is the arc voltage in volts, and 

ηl and ηa are the laser absorption coefficient and arc efficiency, respectively, where fh is 

the distribution factor, Q is the total energy of the heat source, η is the energy efficiency, 

rb is the heat source distribution parameter, and x and y are distances from the center of 

the heat source.  Some typical values of arc efficiency, laser and arc power distribution 

factors, and arc radius (rb in table) are summarized in Table 3.2. 

 

Table 3.2: Typical values of arc efficiency, laser and arc power distribution factors, and 
arc radius 

 
 

It should be recognized that equation (3.84) is only valid under certain conditions 

for arc welding.  For example, the electrode angle should be perpendicular to the 

workpiece, the arc length should be neither too small nor too large, and the electrode tip 

angle should be in a certain range (Tsai and Eager, 1985).  When the electrode is inclined 

to the workpiece, equation (3.84) requires modification to reasonably approximate the 

heat flux distribution.  The Gaussian distribution can approximate the heat flux from the 

heat source very well under most conditions.  However, careful consideration of the 

nature of the heat source is still required. 
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3.2.6.7.1.2 Radiation heat loss 

 

The radiation heat flux is given as: 

)TT(F 4
o

4
r −σε−=      (3.85) 

 

where σ is the Stefan-Boltzmann constant (5.670 x 10-12 J K 4 cm-2 s-1), ε is the emissivity 

(0.5~0.9 for steels), T is the wall temperature in K, and To is the ambient temperature.  

The following is a calculation of the radiation heat loss during welding in order to 

provide an example as to the order of magnitude of the radiation heat loss as compared to 

the heat input from an electrical arc.  Arc current = 100A, arc voltage = 18V, η = 0.7, 

surface area = 0.5 cm x 0.5 cm, σ = 5.670 x 10-12 J K 4 cm-2 s-1, ε = 0.9, T = 2000 K,        

To = 300 K.  After substituting these values into equation (3.85), the total energy loss due 

to surface radiation is about 17.2 J s-1 (the heat input from the arc is about                     

1.26 x 103 J s-1). 

 

3.2.6.7.1.3 Convective heat loss 

 

The convective heat flux is given by the following empirical equation: 

)TT(hF occ −−=      (3.86) 

 

where hc is the heat transfer coefficient.  On the weld top surface, the heat transfer 

coefficient can be estimated using the approximation of a gas jet impinging on a surface 

by Schlunder and Gniclinski.  Schuhmann also formulated the methods of evaluating hc 

for some most common types of natural and forced convection.  For example, the heat 

transfer coefficient is approximated by the following equation for large plane surfaces: 
25.0

c )T('Ch ∆=      (3.87) 

where ∆T  is the difference between the surface temperature and the bulk fluid 

temperature, C’ = 0.38 for horizontal plates facing upward, C’ = 0.2 for horizontal plates 

facing downward, C’ = 0.27 fro vertical plates.  The following is a calculation of the 

convective heat loss during welding in order to provide an example as to the order of 
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magnitude of the convective heat loss as compared to the heat input from an electrical 

arc.  Arc current = 100A, arc voltage = 18V, η = 0.7, surface area = 0.5cm x 0.5cm, hc = 

3.0 x 10-3 J K-1 cm-2 s-1, T = 2000 K, To = 300 K.  After substituting these values into 

equation (3.87), the convective energy loss is about 1.3 J s-1 (the heat input from the arc is 

about 1.26 x 103 J s-1). 

 

3.2.6.7.1.4 Evaporative heat loss 

 

The evaporative heat loss is given by: 

∑ ∆−=
i

iiv HJF     (3.88) 

where Ji and ∆Hi are the vaporization flux and the enthalpy of vaporization of the element 

I, respectively.  Both the pressure and concentration gradient contribute to the 

vaporization flux.  The details of the calculation are available in Mundra and Debroy, 

1993.  It was found that the evaporative heat loss could significantly reduce the 

temperatures on the pool surface under high energy input conditions.  However, when the 

peak temperature on the pool surface is much lower than the boiling temperature, the 

evaporative heat loss can be ignored.  The heat loss by radiation, convection, and 

evaporation is negligible when the surface temperature is not very high. 

 

 

 

 

 

The heat flux and velocity boundary conditions for all surfaces are shown in the 

following schematic. 
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Fig. 3.12: Schematic of the boundary conditions of the weld pool 

 

3.2.6.8 Solution methodology 

 

The governing equations are discretized using the control volume technique 

where the workpiece is divided into small rectangular volumes. The scalar variable is 

stored on the grid point which is located inside the control volume. The grid points for 

storing the vectors like the velocities in the x, y and z direction are staggered with respect 

to the scalar grid points to ensure stability. The discretized equations are formulated using 

the fully implicit power law technique. The final discretized equation at a grid point “P” 

takes the following form:63 

∑ ∆+φ+φ=φ
nb

U
0
P

o
PnbnbPP VSa)a(a     (3.89) 

where, � represents a general variable such as velocity or enthalpy, “a” represents the 

coefficient of the variables calculated based on the power law scheme, subscript nb 

represents the neighbors of the grid point P, ∆V is the volume of the control volume, o
Pa  



 110

and o
Pφ  are the coefficient and  value of the general variable at the concerned grid point P 

at the previous time step, respectively. The coefficient of � at the point P is defined in 

terms of neighboring grid points as follows:63 

∑ ∆−+=
nb

P
o
PnbP VSaaa     (3.90) 

The terms SU and SP are the coefficients of the linearized source term, defined as:63 

φ+= PU SSS      (3.91) 

 

3.2.7 Convergence criteria 

 

The convergence is achieved when the residuals of enthalpy, mass, and u, v, and 

w velocities are less than 5 x 10-4 and the ratio between the heat input and out going from 

the workpiece is between 0.99 and 1.02. 

 

3.2.8 Remarks about the Code 

 

The various files which compose the code are: 

 

1. Input.for - Provides the data required for the program. 

2. Keyhole.f – Calculates the keyhole geometry using the various material process 

parameter and numerical scheme inputs 

3. Emf.for - Calculates emf field 

4. Coeff.for - Calculates the coefficients of the discretized equations 

5. Modify.for - Incorporates special source terms and modifies the coefficients of the 

discretized equations 

6. Correct.for - Performs pressure and velocity corrections 

7. Solve.for - Solves the set of linear algebraic equations arising out of discretization 

8. Residual.for - Calculates the residual 

9. Convert.for - Converts enthalpy to temperature 

10. Poolsize.for - Calculates the dimensions of the weld pool 

11. Fluxes.for - Calculates the surface fluxes 
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12. Block_corr.for - Corrects near-boundary enthalpy values to maintain the overall heat 

balance for steady state calculations 

13. Pressure.for-Calculates the partial pressures of the keyhole pressure balance and local 

keyhole wall temperatures 

14. Keyhole.f- Calculates the keyhole geometry laser power per unit depth. 

15. Header.for - Contains all global variables for the code 

16. Matselect.for- The database of material thermophysical properties and default values. 

17. User.for – contains iterative loop of code and majority of subroutines.  The following 

are a list of those subroutines: 

1.geom- Generates the grid, calculates area, volume and interpolation 

distances 

2. tbarray – Stores keyhole wall temperatures in an array for the 

determination of keyhole wall enthalpies 

3. keyTcalc- Calculation of temperature for entire workpiece based on line 

source strength in heat transfer and fluid flow domain 

4. initialize_new -  Initializes the variables. 

  5. heatbal- Write the output heatbal.txt 

  6. heatin_kw_zw – Calculates fluxes along keyhole wall 

7. keyadj – Adjusts laser power per unit depth according to the adjustment 

of keyhole surface area 

8. props - Updates the physical properties 

9. enhance - enhances liquid metal thermal conductivity and viscosity 

using Prandtl mixing length hypothesis (turbulence model) 

10. cleanuvw - makes liquid metal velocities zero in the solid 

11. geometry- calculates two-dimensional superimposed weld cross 

section for output file geometry.dat. 
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3.3 Experimental procedure 

 

3.3.1 Role of laser-arc spacing on weld geometry and cooling rate  

 

CO2 laser/GTA hybrid welding with the laser leading was performed by Chen et 

al13 on 4 mm thick AISI 321 stainless steel. The chemistry of the material was taken from 

standard commercial values given in Table 3.3.  During the hybrid welding experiments, 

the distance between the arc electrode and laser beam was varied.  The experiment was 

repeated for three arc current levels with the laser at sharp focus.  The laser beam radius, 

welding velocity, and laser power were 100 µm, 16.7 mm s-1 (1 m min-1), and 900 W, 

respectively. The arc voltage was 14 V and various arc currents were used including: 60, 

120, and 180 A.   The arc length and angle relative to the workpiece surface were 5.0 mm 

and 70o, respectively.  The arc was tilted backwards relative to the laser head, i.e. 30o 

relative to the normal.  The separation distance between the heat sources was varied from 

3.5 mm to approximately 9.2 mm.  The photographic results of Chen et al. showed that 

for a 60 A arc, the arc and laser formed two separate plasma plumes at different locations 

on the welded surface when the distance of separation between the two sources was 

greater than a critical value of 6.5 mm.  However, the published observations did not 

include the critical distance for the 120 and 180 A cases.  It was assumed that the heat 

sources acted at the same location for the 120 and 180 A cases for all of the separation 

distances studied. 

 

Table 3.3: Chemical composition of the AISI 321 stainless steel 
Element C Cr Mn Mo Ni Fe P S Ti Si 

Amount (wt%) 0.08 18.0 2.0 1.0 11.0 66.0 - - 0.5 1.0 
 

3.3.2 Role of laser power on weld pool geometry and fluid flow  

 

Bead-on-plate Nd:YAG laser/GTAW hybrid, laser, and arc welding were 

performed on 10 mm thick A131 structural steel at 8.5 mm s-1. Table 3.4 shows the 

chemical composition of the A131 structural steel samples determined using atomic 

emission spectroscopy.  The separation distance between the heat sources was 3.0 mm.  
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The heat source separation distance was as small as possible to ensure an interaction 

between the heat sources.  The laser and hybrid welding laser power levels were 800, 

1900, 3800, and 4500 W with a 12% loss in power assumed due to the laser optics and 

delivery.41, 65  The laser was at sharp focus and had a beam radius of 250 µm.  The 

GTAW voltage and current were 11 V and 191 A, respectively.  The arc electrode 

symmetry axis was at a 45o angle relative to the workpiece surface and the distance 

between the electrode tip and workpiece surface was 1.5 mm.  Table 3.5 shows the 

measured arc current and voltages for the various hybrid welding cases.  The laser power 

was varied in order to systematically understand the influence of the laser power on 

hybrid welding temperature and fluid flow profiles for a relatively constant arc power and 

heat source separation distance.  Three weld cross sections were analyzed for each laser 

power and compared to the calculated weld results.  The material properties used in order 

to complete the welding calculations for AISI 321 stainless and A131 structural steels are 

given in Table 3.6. 

 
Table 3.4: Chemical composition of the A131 structural steel 

 

Table 3.5:  Measured hybrid welding arc current and voltage values and their 
corresponding laser power levels for hybrid welding of A131 structural steel.  The arc 
current and voltage were not constant for the various hybrid welding cases.  

Weld 
Type 

Welding 
Velocity 
(mm s-1) 

Arc Voltage 
(V) 

Arc Current 
(A) 

Laser Power 
(W) 

Hybrid 8.47 

12.3 190 4500 
10.3 191 3800 
20 185 1900 
11 191 800 

 
 
 
 
 
 
 
 
 

Element C Cr Cu Mn Mo Ni P S Ti V 
Amount (wt%) 0.06 0.02 0.02 1.38 0.01 0.02 0.01 0.004 0.02 0.05 
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Table 3.6: Material properties used in welding calculations for AISI 321 stainless and 
A131 structural steels.  

Property 
A131 

Structural 
Steel 

AISI 321 
Stainless Steel 

Density (kg m-3) 7000 7000 
Solidus48 Temperature (K)  1745 1673 

Liquidus48 Temperature (K)  1785 1723 

Enthalpy48 of Solid at Melting Point (J kg-1)  1.20 x 106 1.20 x 106 

Enthalpy48 of Liquid at Melting Point (J kg-1)  1.26 x 106 1.26 x 106 
Specific48 Heat of Solid (J kg-1 K-1)  711.62 711.62 
Specific Heat of Liquid (J kg-1 K-1) 795.34 795.34 

Thermal48, 66 Conductivity of Solid (J m-1 K-1 s-1)  29.3 20.9 

Thermal48, 66 Conductivity of Liquid (J m-1 K-1 s-1)  29.3 29.3 
Coefficient48, 66 of Thermal Expansion (K-1)  1.96 x 10-5 1.96 x 10-5 

Emissivity 0 0 
dγ/dT of Pure48, 66 Material (N m-1 K-1)  -0.00049 -0.00049 

Concentration of Surface Active Species (wt%) 0.004 0.0 

Surface Excess53 at Saturation (mole m-2)  1.30 x 10-5 1.30 x 10-5 

Enthalpy53 of Segregation (J mol-1)  -1.66 x 105 -1.66 x 105 
Entropy Factor53 0.00318 0.00318 

 

3.3.3 Role of surface active elements on fluid flow and weld geometry 

 

Yb doped fiber laser welding was performed on 20 mm thick mild steel at sharp 

focus.  The laser power was 7 kW and the beam radius at the focal point was 200 µm.  

The laser beam characteristic wavelength was between 1070 and 1080 nm.  The welding 

speed for all cases was 16.7 mm s-1.  The alloy sulfur content was specifically varied for 

the fiber laser welds to analyze the influence of sulfur on the heat transfer and fluid flow 

in the weld pool. The various base metal sulfur concentrations were 0.006 wt%, 0.015 

wt%, 0.056 wt%, 0.077 wt%, 0.101 wt%, and 0.150 wt%.  The chemical composition of 

the mild steel samples42, 48, 67 is provided in Table 3.7.  Various shielding gas 

compositions were also used for a constant concentration of sulfur in the base metal of 

0.006 wt%.  Three gases were mixed in a gas mixer where the flow rate of each gas was 
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measured to 0.1 L min-1 accuracy.  The gas composition was controlled by adjusting the 

flow rate of each gas.  The shielding gas compositions were 61% He + Ar, 58% He + Ar 

+ 5% O2, 55% He + Ar + 10% O2, and 52% He + Ar + 15% O2 and the corresponding 

concentrations of oxygen in the weld metal were measured after welding.  In addition, 

oxygen concentrations in the upper and lower halves of the weld bead were measured 

along the weld centerline.  The measured oxygen concentrations in the lower half were68 

0.0033 wt% (0% O2), 0.0056 wt% (5% O2), 0.0088 wt% (10% O2), and 0.0157 wt% 

(15% O2).  The measured oxygen concentrations in the upper half were 0.0044 wt% (0% 

O2), 0.0101 wt% (5% O2), 0.0182 wt% (10% O2), and 0.0358 wt% (15% O2). The 

shielding gas flow rate was 0.42 L s-1.  The material properties42, 48, 67 used for the 

welding calculations are presented in Table 3.8. 

 

Table 3.7: Chemical composition of mild steel samples 
Element C Mn Si P S O N 

wt% 0.16 1.46 0.35 0.016 
0.006, 0.015, 
0.056 0.077, 
0.101, 0.15 

0.001 0.0025 

 

Table 3.8: Material properties for the mild steel used in the fiber laser welding 
calculations 

Material Mild steel 
Density37 of the liquid (kg m-3) 7000 
Density37 at the boiling point (kg m-3) 5800 
Solidus37 Temperature (K) 1745 
Liquidus37 Temperature (K) 1785 
Enthalpy37 of Solid at Melting Point (J kg-1) 1.20 x 106 
Enthalpy37 of Liquid at melting Point (J kg-1) 1.20 x 106 
Specific Heat37 of Solid (J kg-1 K-1) 711 
Specific Heat37 of Liquid (J kg-1 K-1) 795 
Thermal48 Conductivity (W m-1 K-1) 21 
Coefficient67 of Thermal Expansion (K-1) 1.30 x 10-5 
dγ/dT of Pure Material37 (N m-1 K-1) -0.00049 
Surface excess37 at Saturation (mole m-2) 1.30 x 10-5 
Enthalpy28 of Segregation (J mol-1) -1.66 x 105 
Entropy Factor28 0.00318 
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3.3.4 Data analysis 

 

A single factor analysis of variance (ANOVA) was used to statistically evaluate if 

weld bead depth and width differed significantly with increasing concentrations of O2 in 

the shielding gas and of sulfur in the base metal with 95% confidence for the fiber laser 

welding of the mild steel.  Twenty weld pool depths and twenty widths were measured to 

examine the effect of oxygen.  Weld pool depth is the distance from the weld fusion zone 

top surface to the bottom of the weld fusion zone at the centerline of the weld.  Weld 

bead width is the distance between the left and right hand edges of the weld fusion zone 

at the weld bead top surface.  Four cross sections were evaluated for each of the two 

highest levels of oxygen, and six cross sections each were examined for the other two 

levels.   Thirty weld pool depths and thirty widths were examined to evaluate the effect of 

sulfur. Six cross sections each were evaluated for the lowest and two highest sulfur 

concentrations and four cross sections each for the other three levels.   

The ANOVA assesses whether the expected values of a variable within several 

groups of observations differ from each other.  For example, if the expected values of the 

weld depth differ statistically for various groups of oxygen concentrations, the weld 

depth is thought to vary with oxygen concentration and the calculated F statistic is greater 

than a critical value.  The critical value is dependent upon the number of observations and 

concentration levels considered.  The F statistic is a ratio of the between group variability 

and within group variability.  When the F statistic is large and the within group variability 

is small, there is a correlation between the increasing surface active element 

concentration and the measured weld dimension.  Correspondingly, the P value will be 

less than 5%.  The P value asses the likelihood that a given surface active element 

concentration has no influence on the considered weld dimension.  The details of the 

ANOVA calculation procedure are provided Appendix A. 
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3.4 Results and discussion 

 

3.4.1 Role of laser-arc spacing on weld geometry and cooling rate 

 

 According to Chen et al.13, when the separation distance between the heat sources 

was greater than 6.5 mm, two separate plasma plumes were observable for hybrid 

welding done with a 60 A arc.  In this case, the welding performed was a tandem process.  

During tandem welding, the arc primarily acts as a post heat treatment, which 

significantly decreases the cooling rate of the weld pool material. 

 When the separation distance between the arc electrode tip and laser beam 

symmetry axis was less than 6.5 mm for the 60 A arc hybrid welding case, arc bending 

caused the heat sources to act at the same location.  For an arc applied at 45o relative to 

the welding surface and with a 1.5 mm arc length, data presented by Tsai and Eager80 

suggests the typical GTA arc radius should be 4.2 mm.  In the case of the 120 A and 180 

A arcs, the arc radii are 5.5 mm and 6.1 mm, respectively.   

 It was observed that for the range of laser-arc separation distances considered in 

these experiments, the calculated penetration depth did not change significantly when 

using the arc radius determined from the work of Tsai and Eager.80  Hence, the arc radius 

was reduced in order to determine the effective radius necessary to achieve the reported 

experimental weld penetration.  Table 3.9 shows the arc radii values necessary in order to 

calculate the experimental weld dimensions of Chen et al.13  Calculations were done 

assuming that the arc radius decreases because of the laser-arc interaction.  In order to 

achieve the experimentally observed weld pool depths, the arc radius was reduced to 

account for arc contraction.  Table 3.9 shows that the arc radius decreases to a minimum 

value at an optimal separation distance.  Further investigation is needed to understand 

how the separation distance affects the plasma interaction in hybrid welding. 

For the case of 120 A and 180A arc current hybrid welding, the model calculated 

penetration depth obtained using the arc radii predicted from the results of Tsai and 

Eager80 did not result in the penetration depth observed by Chen et. al., even when the 

laser and arc power density distribution symmetry axes were location at the same point 

on the workpiece surface. Therefore, it was assumed that the heat source plasmas 
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interacted for all of the separation distances during the 120 and 180 A arc hybrid welds 

despite the increase in separation distance between the electrode and laser beam.   

 
Table 3.9: Arc radii used in heat transfer and fluid flow simulations to achieve the 
measured results of Chen et al. when hybrid welding AISI 321 stainless steel.  

Measured heat 
source separation 

(mm) 
Arc radius 

(mm)   60A arc 

Arc radius 
(mm)   120A 

arc 

Arc radius 
(mm)   180A 

arc 
3.5 0.39 0.55 0.6 

4.6 0.32 0.5 0.49 
5.4 0.39 0.38 0.47 
6.5 0.39 0.47 0.44 

7.6 4.16 0.43 0.38 

8.2 4.16 0.52 0.44 
9.2 4.16 0.52 0.45 

 

Fig. 3.13 (a) shows the calculated hybrid weld pool depth as a function of the 

distance between the arc electrode and laser beam.  Weld pool depth is measured as the 

distance from the weld fusion zone top surface to the bottom of the weld fusion zone at 

the centerline of the weld.  The figure shows that the penetration increases slightly at an 

optimal separation distance.  In addition, increasing the arc current causes a small 

increase in penetration depth of the weld pool.  The experimental observations of Chen et 

al.13 are shown in Fig. 3.13 (b).  The average error between the experimental and 

calculated results was less than 5%. 

Fig. 3.14 shows calculated weld pool velocity vectors (mm/s) and temperature (K) 

profiles for 900 W laser 60 A arc hybrid welds with two different separation distances, 

3.5 mm and 7.6 mm.  The welding direction is along the negative x-axis.  Marangoni 

convection primarily dictates the fluid flow41 and causes the weld pool to bulge towards 

the rear.  The high energy density of the laser heat source results in the deep penetration 

of the weld pool.  The maximum temperature experienced in the weld pools is 3100 K at 

the keyhole wall.  When the separation distance is 3.5 mm, the arc and laser are acting at 

the same location.  The arc in this case, although originally located 3.5 mm from the 

laser, is bending and rooting at the same location of the laser beam.  This is accounted for 
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in the model by moving the heat source location to the same location as the laser beam 

symmetry axis and reducing the effective radius of the arc power density distribution.  

The arc bending and contraction increases the penetration depth of the weld pool. 
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Fig. 3.13: Penetration depth of the hybrid welding of AISI 321 stainless steel samples as 
a function of the distance between the laser beam and arc electrode and the current of the 
arc heat source.  The laser power level was 900 W for all welding cases.  The welding 
velocity was 16.7 mm s-1 for all welds.  The arc current levels were 60, 120, and 180 A.  
The dashed horizontal line is the penetration depth achieved by lone laser welding.  The 
calculated result (a) and experimental measured result13 (b) are both depicted.  
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Fig. 3.14: Temperature and velocity profiles for hybrid welded AISI 321 stainless steel 
when the separation between the heat sources is (a) 3.5 mm and (b) 7.6 mm.  All of the 
temperature values are in units of Kelvin.  In figure 3.14 (a), the arc and laser are located 
at approximately x = 3 mm and in figure 3.2 (b) the laser is location at x = 3 mm and the 
arc is located at x = 10.6 mm. 
 

 Increasing the distance between the arc electrode and laser beam beyond a critical 

distance results in tandem welding.  Fig. 3.14 (b) depicts a tandem weld with a laser-arc 

separation distance of 7.6 mm.  The arc and laser are not interacting and are at two 

separate physical locations on the workpiece surface.  Increasing the laser-arc separation 

distance distorts the 1073 K and 773 K isotherms.  In addition, the interaction of the heat 

sources increases the melting efficiency of the hybrid welding process, which is made 

evident by the larger volume of molten metal generated in Fig. 3.14 (a).  This result 

agrees with the work of Hu and Den Ouden,15 which shows that hybrid welding results in 

increased melting efficiency over tandem welding. 

The time to cool from 1073 K to 773 K (800 0C to 500 0C) and the cooling rate 

along the weld centerline can be calculated by dividing the distance between the two 

contours where they intersect the x-axis by the welding speed.  The separation distance 

between the heat sources affects the shape and relative distance between isotherms.  
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When the separation distance increases from 3.5 mm to 7.6 mm, the cooling rate between 

1073 K and 773 K along the weld centerline at the top surface decreases from 

approximately 617 K s-1 to 481 K s-1.  The cooling rate of the material was calculated by: 

v
x
T

R
∆
∆

=      (3.92) 

where R is the cooling rate in K/s, ∆T is the temperature difference (300 K), ∆x is the 

distance between the 1073 K and 773 K isotherms in millimeters, and v is the welding 

velocity in mm/s.   

The time to cool from 1073 K to 773 K along the weld centerline as a function of 

the heat source separation distance for 60 A, 120 A, and 180 A arc current hybrid welds 

is shown in Fig. 3.15. 
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Fig. 3.15: Cooling rate from 1073 K to 773 K along the weld centerline as a function of 
the horizontal distance between the arc electrode tip and laser beam focal point for hybrid 
welded AISI 321 stainless steel using a 60, 120, and 180 A arc and 900 W laser beam.  
 

Beyond the critical separation distance, the welding process becomes tandem, 

rather than hybrid when the arc current is 60 A.  In this case, the arc acts as a post heat 

treatment process and deforms the 1073 K and 773 K isotherms.  The arc radius increases 

significantly beyond the critical separation distance due to the lack of metal vapors 

entering the arc plasma, and the energy density of the arc decreases.  Hence, the cooing 

rate decreases with increasing separation distance.   

Since the heat sources interact throughout the range studied for the 120 A and 180 

A arc currents, the welding process never changes from hybrid to tandem welding.  
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During the interaction of the heat sources, the arc and laser are assumed to act at the same 

location, and therefore there is no significant decrease in cooling rate.  When the heat 

sources are interacting, the change in arc radius is not significant enough to drastically 

affect the heat input per unit length of the welding process or the cooling rate of the 

material for a constant arc current.  However, increasing arc current significantly affects 

the cooing rate of the material.  The decrease in cooling rate, when changing from 60 to 

120 or 180 A, is due to an increase in heat input per unit length of the welding process. 

  

3.4.2 Role of laser power on weld pool geometry and fluid flow 

 

 Laser, GTA, and hybrid bead-on-plate welds were performed on A131 structural 

steel with various laser power levels, while maintaining a constant heat source separation 

distance.  The results of the experiments were modeled using the three-dimensional heat 

transfer and fluid flow model.  Fig. 3.16 shows the experimentally observed weld cross-

sections for laser (a), GTA (b), and hybrid (c) welds.  The laser and hybrid welds were 

made using a 4.5 kW laser.  A 191 A, 11 V arc was used in the case of the GTAW and 

190 A, 12.3 V arc in the case of the hybrid weld.  The welding velocity was 8.5 mm s-1.  

The hybrid welding process results in a wider weld pool than laser or arc welding.  

However, there is minimal or no increase in weld pool depth in hybrid laser-arc welding 

over laser welding.  The GTAW process results in much lower depth compared to laser or 

hybrid welds. 

A comparison of GTA, laser, and hybrid weld depths (a) and widths (b) is 

presented in Fig. 3.17.  The weld dimensions for GTAW are depicted as dashed 

horizontal lines on the graphs.  The error bars in the figures represent the standard 

deviation of the measure weld depths and widths for the three cross sections of the welds 

analyzed.  Laser weld depth and width standard deviation were 0.12 mm and 0.07 mm, 

respectively.  Hybrid weld depth and width standard deviation were 0.13 mm and       

0.17 mm, respectively.  Fig. 3.17 (a) shows that the weld penetration depth is primarily a 

function of the laser power.  The laser and hybrid welding processes offer deeper weld 

pool penetration than the GTAW process.  However, the hybrid welding process does not 

result in a significant increase in weld pool penetration depth over lone laser welding.  On 
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the other hand, the hybrid welding process results in wider weld pools than lone laser or 

arc welding, as shown in fig. 3.17 (b).  Weld bead width is measured as the distance 

between the left and right hand edges of the weld fusion zone at the weld bead top 

surface.  Increased weld pool width is beneficial when attempting to bridge gaps present 

between welded sections and increases productivity. 

 

 
Fig. 3.16: Weld cross sections of (a) laser, (b) arc, and (c) hybrid welded A131 structural 
steel.  For the laser and hybrid welds, the laser power is 4.5 kW.  The arc current and 
voltage are 191 A and 11 V for the arc weld, and 190 A and 12.3 V for the hybrid weld, 
respectively.  The welding velocity was 8.5 mm s-1 for all welds.  
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Fig. 3.17:  Measured weld pool depth (a) and width (b) as a function of laser power for 
hybrid and lone laser welding of A131 structural steel.  The travel speed was 8.5 mm s-1.  
The dashed line is the weld pool depth and width achievable by lone GTAW.  
 

 The reason for these weld pool shapes is explained by the nature of the welding 

processes. The laser beam is a high energy density heat source which is very focused at 

the surface of the workpiece and results in deep penetration.  The Marangoni force causes 

(a) 

(b) 
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the weld pool to widen near the work-piece surface.39, 64, 69-70  The GTAW process results 

in strong electromagnetic and Marangoni (surface tension driven) forces.39, 69, 71  It will be 

shown later that the  Marangoni force and the electromagnetic forces were of the same 

order for the conditions of the experiments.72  When both arc and laser are used, the 

amount of liquid metal generated by the two heat sources increases relative to lone arc or 

laser welding.  Both the increase in the volume of liquid metal generated by the heat 

sources and strong Marangoni convection increase the width of the hybrid weld pool. 

Fig. 3.18 shows the calculated three-dimensional fluid flow for arc (a), laser (b), 

and hybrid (c) welded A131 structural steel.  The laser power in this case is 4500 W.  The 

arc current and voltage were 190 A and 12.3 V for the hybrid welding, and 11 V and 191 

A for the arc welding.  The welding velocity was 8.5 mm s-1.  
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Fig. 3.18: (a) Arc, (b) laser, and (c) hybrid weld geometry and fluid flow calculated using 
the three-dimensional heat transfer and fluid flow model. The welded material was A131 
structural steel. The welding direction is towards the origin of the coordinate axes.  
 

The shape of the arc, laser, and hybrid weld cross sections can be explained by the 

nature of the welding processes.  The laser beam is a high energy density heat source 

which is very focused at the surface of the workpiece and results in deep penetration.  

Marangoni stress causes the weld pool to widen near the work-piece surface.39, 64, 70  GTA 

welding results in strong electromagnetic and Marangoni (surface tension driven) 

forces.39, 69, 71  During hybrid welding, the additional heat input from combining the two 

heat sources causes more liquid to form and results in a larger weld pool than during laser 

welding.  The depth of the hybrid weld pool is almost the same as the laser weld since the 

laser beam power level is the same.  The increase in the hybrid weld pool width can be 

attributed to increased heat input.  Since the weld pool depth is relatively unchanged, 

additional heat input and convection causes the liquid metal to flow outward from the 

weld centerline toward the solid/liquid boundary and increases the weld pool width 

relative to laser welding 39, 64, 70. 

 The dimensionless Peclet number is used to understand the significance of the 

role of heat transfer by convection relative to heat transfer by conduction:64 

(c) 
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α
UL

conduction
convection

Pe ==     (3.93) 

where U is the characteristic velocity of the molten metal, L is a characteristic length 

(half of the weld pool width), and  α (= kl / ρCp) is the thermal diffusivity of A131 steel 

(5.26 x 10-6 m2 s-1).  Table 3.10 shows the calculated Peclet numbers for the GTA, laser, 

and hybrid A131 structural steel weldments. 

 

Table 3.10: Dimensionless Peclet number for GTA, laser, and hybrid welding of A131 
steel.  The laser power was 1900 W, and arc current and voltage were approximately    
191 A and 12 V. 

  GTAW Laser Hybrid 

L (mm) 1.3 2.0 3.0 

u (mm s-1) 100 300 300 

Pe 25 114 171 
 

Since the Peclet number is much greater than 1, convection plays a significant 

role in the heat transfer process during GTA, laser, and hybrid welding of steels.  

Convection becomes less significant compared to heat transfer by conduction in the case 

of welding high thermal conductivity metals, for example aluminum and copper alloys.  

When switching from laser to hybrid welding the characteristic velocity of the molten 

metal is similar, which suggests increased weld width during hybrid welding is primarily 

the result of increased arc power density and melting efficiency due to arc contraction. 

 The relative importance of the Marangoni and electromagnetic forces are given by 

the dimensionless magnetic and surface tension Reynolds numbers.  The magnetic 

Reynolds number defines the ratio of the electromagnetic force to the viscous forces and 

is given by:72-73 

22

2

4
Re

µπ
µρµ I

viscous
neticelectromag ro

m ==     (3.94) 

where ρ is the density of the material (7000 kg m-3), µo is the magnetic permeability of 

free space (4π x 10-7 N A-2), µr is the relative permeability (1.0), I is the arc current       

(~190 A), and µ is the viscosity of the material (5 x 10-3 kg m-1 s-1).  The magnetic 

Reynolds number in the case of hybrid or GTA welding of A131 structural steel for the 
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conditions of the experiment is 3.2 x 105, which indicates that the electromagnetic force 

plays an important role in convective heat transfer during hybrid welding.  The surface 

tension Reynolds number defines the ratio of the surface tension (Marangoni) forces to 

the viscous forces and is given by:72-73 

2
Re

µ

γρ
dT
d

TL

viscous
tensionsurface

s

∆
==     (3.95) 

where L is a characteristic length (2x 10-3 m), ∆T is the temperature difference between 

the peak temperature (3100 K) and the liquidus temperature (1745 K), and dγ/dT is the 

temperature coefficient of surface tension (-4.7 x 10-4 N m-1 K-1).  The surface tension 

Reynolds number in the case of hybrid welding for the conditions of experiment is         

3.5 x 105, which means that the Marangoni stress plays an important role in convective 

heat transfer during hybrid welding.  The ratio of the magnetic and surface tension 

Reynolds numbers gives the relative importance of the electromagnetic to surface tension 

forces (Rem/Res).  The ratio of electromagnetic forces to surface tension forces is 0.9, 

which means that the two forces are of the same order. 

 In order to achieve the experimentally measured weld pool depth and width, arc 

bending and contraction had to be included in the numerical model calculations.  This 

was accounted for by moving the location of the arc in the model solution domain to a 

location near the laser beam heat source.  In addition, the arc power density distribution 

effective radius was reduced.  The arc radius for a 191 A arc with an arc length of           

1.5 mm, in the absence of metal vapors from another source like a keyhole, was observed 

to be approximately 1.0 mm.  The values used for the heat source separation distance and 

arc radius in the hybrid welding calculations are shown in Table 3.11.  Data are ordered 

according to the laser power level of the particular hybrid weld.   
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Table 3.11:  Separation distance and arc radius values used in the numerical model in 
order to achieve the experimentally observed hybrid weld pool width and depth.  The 
results are arranged by laser power level.  
 
 
 
 
 
 
 
 
 

 A comparison of the A131 structural steel GTA, laser and hybrid welding 

experimental and calculated results is shown in Fig. 3.19 and 3.20.  Fig. 3.19 shows 

GTA, laser, and hybrid weld cross sections.  The calculated cross section is overlaid on 

top of the micrograph.  The dashed line shown in the calculated result is the 3100 K 

isotherm, which represents the keyhole wall.  In addition to the weld pool solid/liquid 

boundary (1745 K isotherm), the HAZ-base metal boundary is also shown (1000 K 

isotherm).  The laser power in the case of the hybrid and laser welds was 1.9 kW.  The 

GTA weld was performed using a 191 A, 11 V arc.  The arc current and voltage for the 

hybrid weld were 185 A and 20 V, respectively.  The calculated and measured results 

showed that the laser power level is the primary factor affecting weld pool penetration 

depth.   

 

 

Laser Power 
(W) 

Separation 
Distance (mm) 

Arc Radius 
(mm) 

4500 2 1 
3800 0 0.9 
1900 0.2 0.65 
800 0.3 0.5 
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Fig. 3.19:  GTA (a), laser (b), and hybrid welded (c) A131 structural steel cross sections 
with the calculated cross section overlaid on top of the experimental result.  The dashed 
isotherm is the 3100K isotherm, i.e. the location of the keyhole.  
 

 Fig. 3.20 (a) is a comparison of the calculated and measured laser and hybrid weld 

pool depths.  The error bars on the experimental results in the figure represent the 

standard deviation of the measured weld dimensions calculated for three experimental 

weld cross sections analyzed.  Laser weld depth and width standard deviation were 0.12 

mm and 0.07 mm, respectively.  Hybrid weld depth and width standard deviation were 

0.13 mm and 0.17 mm, respectively.  The error bars on the calculated weld depth and 

width represent the error in calculated weld depth and width compared to the 

experimentally measured dimension.  Percent error between the hybrid welding 

experimental and calculated depth and width were 6.5% and 7.7%, respectively.  The 

error between the experimental and calculated laser weld depth and width were 18.5% 

and 19%, respectively.  Hybrid welding results in similar weld pool depth compared lone 

laser welding.  Weld pool width increases significantly when comparing hybrid to laser 

welding, which is shown in Fig. 3.20 (b).  Increased weld pool width improves the ability 

to bridge gaps between components being welded, which is particularly important for 

welding large sections of material. 
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Fig. 3.20:  Comparison of calculated and measured laser and hybrid A131 structural steel 
welds depth (a) and width (b) as a function of laser power. 
 

 

 

 

(a) 
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3.4.3 Influence of sulfur 

 

3.4.3.1 Statistical analysis of effect of base metal sulfur concentration 

 

Table 3.12 shows the ANOVA results for the influence of weld metal sulfur 

concentration on measured laser weld bead width and depth. The p-value is the 

probability of obtaining an F value equal to that calculated from experimental data, 

assuming that the null hypothesis is true.  Conversely, for a given F-value, a high p-value 

implies greater probability that the null hypothesis is true.  The null hypothesis may be 

rejected if the p-value is lower than 0.05 (for a 95% confidence interval).  Table 3.12 

shows that the null hypothesis – i.e. the sulfur content does not influence the weld 

dimension – can be rejected for width, but not for depth.  In other words, the effect of 

base metal sulfur content is statistically significant for weld width but not for weld depth.   

 

Table 3.12: ANOVA results for the influence of sulfur concentration on fiber laser weld 
bead depth and width.  The welded material was mild steel (0.16 %C, 1.46 %Mn). 

Depth 

Source of 
Variation 

Degrees of 
Freedom F value P-value F critical 

Between Groups 5 0.63 0.68 2.62 
Within Groups 24       

Width 

Source of 
Variation 

Degrees of 
Freedom F value P-value F critical 

Between Groups 5 40.45 6.30 x 10-11 2.62 
Within Groups 24       

 

3.4.3.2 Effect of sulfur: experimental and computational study 

 

Fig. 3.21 shows variation of the experimental and calculated 7 kW laser weld (a) 

depths and (b) widths as a function of the sulfur concentration in the base metal (0.16 

%C, 1.46 %Mn).  Error bars representing the standard deviation for a given sulfur content 

are shown for the mean measured depths and widths. Fig. 3.21 shows that increasing the 

concentration of sulfur in the base metal, over the range considered here, significantly 
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influenced the measured weld bead width but did not appreciably affect the measured 

weld pool depth.  The error in the calculated penetration depth compared to the 

experimental measured depth was less than 2% in Fig. 3.21 (a).  The variation of 

calculated weld width with increasing sulfur content is qualitatively similar to the 

experiments, although there is some difference in the calculated and measured values at 

high sulfur concentrations.  The higher experimental weld widths may be due to lower 

effective sulfur concentration on the surface as a result of evaporation.  

The decrease in laser weld width with increasing sulfur concentration, as shown 

in Fig. 3.21 (b), is due to changes in heat and fluid transport in the molten weld pool.  

The average errors between the experimental and calculated weld dimensions were 1.3% 

for weld depth and 17.7% for weld width. At low sulfur concentrations (< 0.002 wt%),  

the surface tension gradient (dγ/dT) at the top surface is negative.  This drives the fluid 

near the top surface outward forming convection currents that result in enhanced heat 

transport near the top surface and widening of weld pool near the top surface.  The effect 

on increasing sulfur content on the fluid flow and weld width is discussed below with the 

help of Fig. 3.22.  

Fig. 3.22 shows calculated three-dimensional temperature and fluid flow profiles 

for the laser welded mild steel containing (a) 0.015 wt%, (b) 0.056 wt%, and (c) 0.101 

wt% sulfur.  When the sulfur concentration is above 0.002 wt%, dγ/dT depends on the 

local temperature.  At temperatures close to the solidus, dγ/dT is positive and fluid flow 

is inwards.  At higher temperatures close to the keyhole, dγ/dT is negative and fluid flow 

is outwards.  The two flows meet somewhere between the solid-liquid boundary and the 

keyhole walls resulting in two circulating currents.  The location where the two flows 

meet depends on the sulfur concentrations and the local temperatures; as sulfur 

concentration increases, this location moves closer to the keyhole.  
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Fig. 3.21: Plots comparing the experimental and calculated laser weld (a) depths and (b) 
widths as a function of the sulfur concentration in the base metal for 7 kW laser welds on 
mild steel (0.16 %C, 1.46 %Mn) at 16.7 mm s-1. Standard error bars are shown for the 
measured weld dimensions. 

 

A laser weld with medium sulfur concentration (0.015 wt%) is shown in Fig. 3.22 

(a).  The fluid moving away from the keyhole (and carrying heat) is limited to a small 

(a) 

(b) 
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distance from the keyhole walls due to the opposing flow from the weld pool boundary. 

At sulfur concentrations greater than 0.03 wt% (Fig. 3.22 (b)), when the fluid flow is 

predominantly inward, the circulation current due to outward flow on the top surface is 

much smaller and limited to a very small region near the top surface.  As the sulfur 

content approaches concentrations of 0.101 wt% (Fig. 3.22 (c)) and 0.150 wt%, the size 

of the region where fluid flow is towards the solid/liquid boundary reduces in size.  

However, weak radially outward flow is present near the keyhole walls even at these very 

high sulfur concentrations. In other words, fluid flow at top surface becomes increasing 

inwards with greater sulfur content leading to less heat transport in radially outward 

direction and narrower welds. 

 

 



 136

 

 

Fig. 3.22: Calculated three-dimensional temperature and fluid flow profiles during 7 kW 
laser welding of mild steel (0.16 %C, 1.46 %Mn) containing (a) 0.015 wt%, (b) 0.056 
wt%, and (c) 0.101 wt% sulfur at a welding speed of 16.7 mm s-1. 
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Fig. 3.23 shows comparison of the calculated and experimental weld cross 

sections for the laser welded sample for 0% O2 in shielding gas (i.e. approximately 

0.0038 wt% oxygen in base metal) and (a) 0.006 wt%, (b) 0.015 wt%, (c) 0.056 wt%, (d) 

0.077 wt%, (e) 0.101 wt%, and (f) 0.150 wt% sulfur.  The calculated weld geometries 

agree reasonably well with the experimental results.  With increasing sulfur concentration 

in the weld pool, the weld width decreases due to the top surface fluid flow direction 

becoming more radially inward from the solid/liquid boundary. 
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Fig. 3.23: Comparison of calculated and measured 7 kW laser weld cross sections when 
the base metal (0.16 %C, 1.46 %Mn) contained (a) 0.006 wt%, (b) 0.015 wt%, (c) 0.056 
wt%, (d) 0.077 wt%, (e) 0.101 wt%, and (f) 0.150 wt% sulfur. The dotted line in the cross 
sections is the 1000 K isotherm and the solid line outlining the fusion zones is the 1745 K 
solidus isotherm.  The welding speed was 16.7 mm s-1. 

 

Of the various pressure terms considered in the keyhole pressure balance 

(equation 3.15), the most significant pressures in the keyhole are the vapor pressure, 

surface tension pressure, and pressure of CO.  Table 3.13 shows the calculated pressures 

used to determine the keyhole wall temperatures for different sulfur concentrations.  

dγ/dT at keyhole walls is not affected by the sulfur content of the base metal due to the 

high wall temperatures.  The effect of sulfur concentration on the activities of dissolved 

oxygen and carbon, and consequently, on the CO pressure is negligible. Due to the very 

small variation in the various pressure terms as shown in Table 3.13, the keyhole wall 

temperatures varied negligibly, and a constant penetration of 9.3 mm was obtained 

throughout the range of sulfur concentrations considered.  It has been shown that the 

keyhole and weld penetration depth during laser and laser-arc hybrid welding are 

similar.12, 41  Since increasing the concentration of sulfur in the base metal results in a 

negligible change in keyhole depth, the penetration depth does not change significantly.  

It should be noted that the conclusion regarding the effect of sulfur on penetration depth 

applies only to the range of process conditions and workpiece material considered in this 

work.  
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Table 3.13: Calculated keyhole dimensions, keyhole wall temperature, and magnitudes of 
partial pressures acting at keyhole surface 4.5 mm below the top surface of the weld pool 
for various concentrations of sulfur in the base metal during 7 kW laser welding of mild 
steel (0.16 %C, 1.46 %Mn).  
 

Concentration 
of sulfur in 
base metal 

(wt%) 

0.015 0.056 0.077 0.101 0.15 

Total 
Keyhole 

Depth (mm) 
9.30 9.30 9.30 9.30 9.30 

Keyhole 
Radius* (mm) 0.54 0.57 0.57 0.54 0.54 

Keyhole Wall 
Temperature 

(K) 
3052 3052 3052 3053 3053 

Metal Vapor 
Pressure 

(atm) 
9.24 x 10 -1 9.23 x 10 -1 9.24 x 10 -1 9.26 x 10 -1 9.27 x 10 -1 

Surface 
Tension           
(N m-1) 

1.41 1.41 1.41 1.41 1.41 

Surface 
Tension 
Pressure 

(atm) 

2.57 x 10 -2 2.44 x 10 -2 2.44 x 10 -2 2.57 x 10 -2 2.57 x 10 -2 

Hydrostatic 
pressure 

(atm) 
3.03 x 10 -3 3.03 x 10 -3 3.03 x 10 -3 3.03 x 10 -3 3.03 x 10 -3 

Recoil 
pressure 

(atm) 
2.08 x 10 -3 2.08 x 10 -3 2.08 x 10 -3 2.10 x 10 -3 2.10 x 10 -3 

PCO (atm) 0.103 0.102 0.101 0.101 0.100 
 

*Keyhole radius reported here is half of the distance between the front and rear keyhole 
walls along the weld symmetry line 4.5 mm below the top surface.  
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3.4.4 Influence of oxygen 

 

3.4.4.1 Statistical analysis of the effect of ambient oxygen 

 

Table 3.14 shows the ANOVA results for the influence of weld metal oxygen 

concentration on laser weld bead depth and width.  The low p-values mean that the 

changing the O2 content of the shielding gas has a significant influence on weld depth 

and width.   

 

Table 3.14: ANOVA results for the influence of weld metal oxygen concentration on 
laser weld bead depth and width.  The weld material was 0.16 %C, 1.46 %Mn mild steel. 

Depth 
Source of Variation Degrees of 

Freedom F value P-value F critical 

Between Groups 3 42.56 7.50 x 10 -8 3.24 
Within Groups 16       

Width 
Source of Variation Degrees of 

Freedom F value P-value F critical 

Between Groups 3 99.32 1.48 x 10 -10 3.24 
Within Groups 16       

 
3.4.4.2 Effect of oxygen: experimental and computational study  

 

Table 3.15 shows the various computed pressures at the keyhole walls from 

equation 3.15 when 0%, 5%, 10%, and 15% O2 is added to the shielding gas during 7 kW 

laser welding of 0.16%C, 1.46 %Mn mild steel.  The significant terms in pressure balance 

are due to metal vapors and CO.  As the oxygen concentration increases, the CO pressure 

increases significantly. As a result, the pressure balance at keyhole walls can be attained 

with lower keyhole wall temperatures. The lower wall temperatures permit increased 

keyhole penetration and somewhat narrower weld widths.47, 74 In this work, CO pressure 

at keyhole walls for each case was taken as a fixed fraction of the equilibrium value 

calculated using bulk concentrations of dissolved oxygen and carbon.  The assumption is 

based upon that during laser welding the equilibrium carbon monoxide pressure is not 
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likely to occur during laser welding.  A factor of 0.8 was chosen for good agreement 

between experimental and calculated weld widths as oxygen concentration was varied 

(Fig. 3.24 (b)).  

The plots of the experimental and calculated laser weld depths and widths as 

functions of shielding gas O2 percentage are shown in Fig. 3.24.  Standard error bars have 

been added for the experimental results. Fig. 3.24 clearly shows that with increasing O2 

percentage in the shielding gas, the experimental weld widths decrease whereas the 

experimental weld depths increase. The decrease in weld width (Fig. 3.24 (b)) with 

increasing oxygen content can be attributed to the effect of oxygen on Marangoni 

convection.  Measured penetration depth was about 16% higher for Ar-15% O2 shielding 

gas compared to the penetration depth with Ar-0 % O2 shielding gas. The error of the 

calculated weld depths and widths compared to the measured experimental dimensions 

were less than 12% and 20%, respectively. However, present calculations somewhat 

under-predict the effects of increase in O2 content of the shielding gas on the penetration 

depth, especially for 10% and 15% O2 cases.  

As discussed before, experimental weld penetration was not influenced by base-

metal sulfur content. It should be noted that the sulfur concentrations were higher, and 

had larger variation, than oxygen concentrations in this study.  Therefore the increase in 

the weld penetration due to O2 content in shielding gas is not primarily due to the 

influence of surface-active oxygen on the fluid flow.  It also seems that the effect of CO 

generation, as modeled in this study, can qualitatively explain the increase in penetration 

depth.  The reasons for the lack of excellent agreement between the computed and the 

experimentally determined depth values (Fig. 3.24 (a)) are not known.  
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Table 3.15: Calculated keyhole dimensions, local keyhole wall temperature, and 
magnitudes of partial pressures acting at keyhole surface 4.5 mm below the top surface of 
the weld pool when O2 content of shielding gas is varied during 7 kW laser welding of 
0.16 %C, 1.46 %Mn mild steel.  

% O2 in 
shielding gas 0 5 10 15 

Concentration 
of Oxygen in 
Weld Metal 

(wt%) 

0.0038 0.0078 0.0135 0.0257 

Keyhole 
Depth (mm) 9.30 9.39 9.59 10.1 

Keyhole 
Radius* (mm) 0.51 0.54 0.60 0.75 

Keyhole Wall 
Temperature 

(K) 
3052 3023 2972 2782 

Metal Vapor 
Pressure 

(atm) 
9.25 x 10 -1 8.15 x 10 -1 6.52 x 10 -1 2.69 x 10 -1 

Surface 
Tension           
(N m-1) 

1.41 1.42 1.44 1.52 

Surface 
Tension 
Pressure 

(atm) 

2.73 x 10 -2 2.60 x 10 -2 2.37 x 10 -2 2.01 x 10 -2 

Hydrostatic 
Pressure 

(atm) 
3.03 x 10 -3 3.03 x 10 -3 3.03 x 10 -3 3.03 x 10 -3 

Recoil 
Pressure 

(atm) 
2.08 x 10 -3 1.64 x 10 -3 1.07 x 10 -3 1.94 x 10 -4 

PCO (atm) 0.10 0.21 0.37 0.75 
 

*Keyhole radius reported here is half of the distance between the front and rear keyhole 
walls along the weld symmetry line 4.5 mm below the top surface.  

 

Calculated and experimentally obtained weld cross sections when the shielding 

gas contained (a) 0%, (b) 5%, (c) 10%, (d) 15% O2 are shown in Fig. 3.25.  The 

computed weld geometries in Fig. 3.25 are in good agreement with the experimental 

results.  
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Fig. 3.24: Comparison of the experimental and calculated 7 kW laser welds (a) depths 
and (b) widths as a function of shielding gas O2 percentage.  Standard error bars are 
shown for measured weld dimensions. The base metal was 0.16 %C, 1.46 %Mn mild 
steel and welding speed was 16.7 mm s-1. 

(a) 

(b) 
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Temperature and fluid velocity profiles calculated for 7 kW laser welding of mild 

steel for (a) 0% and (b) 10% O2 in the shielding gas are shown in Fig. 3.26.  The presence 

of oxygen and sulfur (0.006 wt% sulfur) causes radially inward flow towards the keyhole 

at the weld pool surface close to the weld pool solid/liquid boundary.  Near the keyhole, 

the fluid flow is radially outward due to the relatively high liquid metal temperatures 

compared to the solid/liquid boundary.  As the oxygen concentration increases in the 

liquid weld metal, the radially outward fluid flow decreases in magnitude and the radially 

inward flow increases.  The increase in radially inward flow is due to a more positive 

dγ/dT with increasing concentrations of oxygen in the weld metal.  As the inward fluid 

flow becomes more dominant, the weld pool width decreases.  No significant vertical 

flow of liquid metal resulted from surface tension gradients at the keyhole walls because 

the temperature gradients along the keyhole walls are small in keyhole mode laser 

welding.  For both 0 % and 10% O2 cases, shown in Fig. 3.26 (a) and 3.26 (b), fluid 

velocities near the keyhole walls at short distances from the top surface are upwards 

whereas the flow direction is downwards farther away from the top surface. The 

similarities in flow patterns near the keyhole walls suggest that keyhole depth is not 

significantly affected by the fluid flow.   
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Fig. 3.25: Comparison of experimental and calculated 7 kW laser weld cross sections 
when welding with shielding gas containing (a) 0%, (b) 5%, (c) 10%, and (d) 15% O2 on 
mild steel (0.16 %C, 1.46 %Mn) at 16.7 mm s-1 travel speed.  The dotted lines in the 
cross sections are the 1000 K isotherm and the solid line outlining the fusion zones is the 
1745 K solidus isotherm.  
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Fig. 3.26: Temperature and fluid velocity profiles during 7 kW laser welding of mild steel 
when (a) 0% and (b) 10% O2 is introduced to the shielding gas. 
 

3.5 Summary and conclusions 

  
A three-dimensional heat transfer and fluid flow model for arc, laser, and 

laser/GTA hybrid welding has been proposed and successfully validated using 

experimental results. The model considers the enhanced absorption of the laser beam due 

to multiple reflections inside the keyhole, the influence of surface active elements via the 



 147

fluid flow and keyhole pressure balance calculations, and the amount of arc energy 

absorbed about the keyhole.  Temperature and fluid velocity profiles were calculated for 

GTA, CO2 laser, and CO2 laser/GTA hybrid welding of A131 structural steel and 321 

stainless steel.  The effects of oxygen and sulfur on the temperature profiles and fluid 

flow in keyhole mode Yb doped fiber laser welding of 0.16 %C mild steel were 

successfully evaluated both experimentally and theoretically.  Since, the effects of 

surface active elements seen in hybrid and laser welding have not be attributed to an 

influence by the arc, as presented in the literature, this research is expected to be 

significant for Nd:YAG and fiber laser/GTA hybrid welding.  In addition, the influence 

of heat source separation distance and arc current on temperature profiles, cooling rates, 

weld depth, and fluid flow were successfully analyzed for hybrid welding of 321 stainless 

steel. Laser power and its influence on heat transfer, weld depth and width, and 

temperature and fluid flow profiles were successfully evaluated for GTA, Nd:YAG laser, 

and Nd:YAG laser/GTA hybrid welded A131 structural steel. 

A single factor analysis of variance (ANOVA) was used to statistically evaluate if 

keyhole mode Yb doped fiber laser weld bead depth and width differed significantly with 

increasing concentrations of dissolved oxygen or sulfur in 0.16 %C mild steel with 95% 

confidence.  The ANOVA showed laser weld depth was not affected by increasing the 

mild steel sulfur concentration from 0.006 wt% to 0.15 wt%, but increasing the dissolved 

oxygen content of the weld pool from 0.0038 wt% to 0.0257 wt% did significantly 

impact laser weld depth.  Weld metal oxygen concentration increased as a result of 

increasing O2 content of the shielding gas. The experimentally measured weld width 

decreased from 5.2 mm to 3.8 mm as the base metal sulfur concentration was increased   

Increasing the dissolved oxygen content of the weld pool decreased laser weld width 

from 5.2 to 4 mm.   

Computed results of the heat transfer and fluid flow model showed that the effects 

of sulfur and oxygen on laser weld width could be explained considering their influence 

on Marangoni convection.  In weld pools containing either oxygen or sulfur, the flow of 

liquid metal on the weld pool surface very near the keyhole was always away from the 

keyhole while the direction of the flow was just the opposite close to the solid-liquid 

boundary.  The laser molten metal flow speeds were on the order of 300 mm s-1.  This 
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behavior is consistent with positive temperature coefficient of surface tension (dγ/dT) at 

temperatures close to the liquidus temperature of the steel and negative dγ/dT at 

temperatures close to the boiling point of the alloy. 

During the fiber laser welding of the mild steel, convective flow of heat and mass 

in the weld pool was driven by the Marangoni flow at the weld pool surface and the 

resulting recirculation in the weld pool. At the keyhole walls, temperature gradients were 

small (~1.K mm-1 to ~4 K mm-1) and, as a result, no significant vertical flow of the liquid 

metal resulted from surface tension gradients at the keyhole wall.  This behavior is 

consistent with the negligible changes (< 0.2 mm) in the weld depth with increasing the 

mild steel sulfur concentration.  Since computations showed no major differences in the 

liquid metal flow near the keyhole with changes in the oxygen concentration, Marangoni 

convection is not the source of increase in weld penetration with the concentration of 

oxygen.  The increased weld penetration observed with the increased O2 concentration of 

the shielding gas is consistent with the formation of CO at the keyhole wall.  Carbon 

monoxide formation was the result of reacting carbon and oxygen dissolved  in the weld 

pool and results in increased pressure within the keyhole.  Increasing the dissolved 

oxygen content of the weld pool from 0.0038 to 0.0257 wt% resulted in an increase in the 

calculated partial pressure of carbon monoxide at the keyhole wall from 0.1 atm to 0.75 

atm.  The measured laser weld depth increased from 9.3 to 10.8 mm with increasing the 

dissolved oxygen content of the weld pool. 

In order to calculate the increase in keyhole depth with the addition of oxygen to 

the weld metal, a pressure balance was considered along the keyhole surface.  The 

primary factors influencing the keyhole geometry and temperature profile of the keyhole 

were the vapor pressure of the alloy, the surface tension pressure, and the partial pressure 

of carbon monoxide.  The vapor pressure, surface tension pressure, and carbon monoxide 

partial pressure were on the order of 0.9 atm, 1 x 10-2 atm, and 0.1 atm, respectively. 

When the inner heat source spacing was greater than 6.5 mm for 60 A arc, 900 W 

CO2 laser/GTA hybrid welding of 321 stainless steel, the cooling rate from 1073 K to 773 

K at the centerline of the molten weld pool reduces from approximately 650 K s-1 to 400 

K s-1.  The reduction in the cooling rate was the result of the welding process 

transitioning from hybrid to tandem welding.  For all of the heat source separation 
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distances analyzed during hybrid welding of 321 stainless steel, increasing arc current to 

120 A and 180 A reduced the average cooling rate to approximately 350 K s-1 and 250 K 

s-1, respectively. 

Hybrid weld depth and heat source separation distance were not found to be 

directly proportional experimentally and theoretically for the CO2 laser/GTA hybrid 

welded 321 stainless steel samples.  The maximum hybrid weld depth was seen at some 

optimal heat source separation distance.  The error between the calculated and 

experimental hybrid weld depths were less than 5%. 

 Nd:YAG laser/GTA hybrid welding resulted in similar weld depth compared to 

Nd:YAG laser welding (< 0.7 mm difference in this analysis) of A131 structural steel.  

However, hybrid welding lead to a significant increase in weld pool width over laser 

welding of A131 structural steel.  The increase in weld width was on the order of 1 mm 

to 2.5 mm for the process parameters studied.  The increase in weld pool width was the 

result of heat input from the arc, improved melting efficiency, and heat transfer aided by 

strong Marangoni convection. Wider weld pools improve the ability of the hybrid 

welding process to allow for gaps between large welded sections of material, without the 

necessity of additional bracing.  Hybrid welding of plain carbon and stainless steels 

results in faster fluid flow (on the order of 400 mm s-1), than laser (~300 mm s-1) or arc 

welding (~100 mm s-1).  The faster fluid flow is the result of improved electromagnetic 

force and Marangoni stress driven convection by the addition of an arc heat source.  

However, the convection and fluid flow behavior can be expected to differ in the case of 

relatively high thermal conductivity materials compared to plain carbon and stainless 

steels, such as aluminum and copper alloys.     
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Chapter 4 
 

HYBRID WELDING PLASMA CHARACTERISTICS 
 

4.1 Introduction 
 

The interaction between an electric arc and a laser beam is important for the 

operation of laser-arc hybrid welding. Although both arc and laser plasmas have been 

studied before, the underlying mechanism of the synergistic interaction between the two 

heat sources during hybrid welding is not well understood.  During laser-arc hybrid 

welding, plasma properties affect arc stability1-4 and the absorption of laser energy by the 

plasma.5-8  Pronounced vaporization of alloying elements due to the high power density 

of the laser beam can lead to increased arc stability resulting from enhanced plasma 

electrical conductivity,1, 9-13 electron density,11, 14 electron temperature,15 and arc current 

density.15  Electron density and plasma temperature have a significant impact on the 

electrical conductivity of arc and laser induced plasmas.16-17 A recent spectroscopy study 

of hybrid welding plasmas18 found that the average plasma temperature calculated using 

the Boltzmann plot method decreased with increase in metal vapor concentration in the 

plasma.   However, a detailed study of the electron temperature, electron density, and the 

electrical conductivity of the hybrid welding plasma for various welding conditions 

remains to be undertaken.     

Optical emission spectroscopy has been successfully used previously for 

determining temperatures, species densities, and electrical conductivities of laser,19-22  

electrical arc16, 23-25 and hybrid welding plasmas.  Previous research in hybrid welding26-29 

has indicated the two most important variables that significantly affect weld bead 

porosity, weld geometry and plasma light emission are heat source separation distance 

and arc current. Here, we examine hybrid welding plasmas using optical emission 

spectroscopy for various heat source separation distances and arc currents to better 

understand plasma electron temperatures, atomic and ionic species densities, total 

electron density, and plasma electrical conductivity during hybrid welding.  The electrical 

conductivity of the hybrid welding plasma is compared with that of the arc plasma to 

understand the arc stability during hybrid welding. 
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4.2 Experimental procedures 

 
Nd:YAG laser, arc, and laser/ gas tungsten arc (GTA) hybrid welding were 

performed on 304L stainless steel tubing with a 200 mm outer diameter and 6.4 mm wall 

thickness.  The composition of the 304L stainless steel is shown in Table 4.1.  Arc 

current and heat source separation distance were varied in order to determine their effects 

on hybrid welding plasma electron temperatures, composition, atom, ion, and electron 

densities, electrical conductivity, and arc stability.  Important welding process parameters 

are provided in Table 4.2.  The arc and trailing shielding gases were argon.  The distance 

between the laser beam symmetry axis and arc electrode tip on a horizontal plane is 

referred in this paper as the heat source separation distance.30 The laser beam was the 

leading heat source.  High speed video was taken of the hybrid welding plasmas in order 

to observe the plasma cross section shape close to the laser focal point.  The light 

intensity observed by the camera was attenuated by an appropriate combination of low 

pass and neutral density filters. 

 

Table 4.1: 304L Stainless Steel composition 
Element C P Si Ni N Mn S Cr Mo 
Weight 
% 0.019 0.036 0.410 8.150 0.070 1.420 0.015 18.280 0.460 
 

A 0.5 m focal length spectrometer using a 1200 lines inch-1 grating was used for 

the optical emission spectroscopy.  The entrance slit and median wavelength were 20 µm 

and 535 nm, respectively.  Light was collected from the plasmas in a 0.2 mm radius spot 

for a sampling time of 0.2 seconds.  The relatively long exposure time provided a time-

average evaluation of the plasma properties.  In order to avoid saturation, a 0.5 neutral 

density filter was placed in front of the spectrometer entrance slit.  The intrinsic 

resolution of the spectrometer was determined to be approximately 0.75 nm.  The 

spectroscopic data were obtained within a horizontal plane 0.75 mm above top dead 

center of the cylindrical workpiece.  Fig. 4.1 is a schematic diagram of the optical 

emission spectroscopy and high speed camera setup.  The aperture leading to the 

spectrograph was 200 mm from the laser focal point on the cylindrical workpiece.  The 

incoming light from the aperture traveled along an optical fiber to the spectrograph and 
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liquid nitrogen cooled CCD detector.  The high speed camera lens was located 

approximately 1040 mm from the laser focal point.   

 

Table 4.2:  Nd:YAG laser, GTA, and laser/GTA hybrid welding process parameters 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Process Parameters 
Laser power (W) 1700 

Arc currents (A) 101, 121, 
141 

Arc voltage (V) 14 
Laser beam radius (µm) 200 
Heat source separation 

distance (mm) 4, 6 

Arc angle relative to 
workpiece surface 

(degrees) 
65 

Arc electrode included 
tip angle (degrees) 40 

Arc electrode material Thoriated 
tungsten 

Arc electrode diameter 
(mm) 2.4 

Arc electrode length 
(mm) 32 

Arc length (mm) 3 
Welding speed (mm s-1) 8.5 
Arc shielding gas flow 

rate (L min-1) 17 

Trailing shielding gas 
flow rate (L min-1) 30 
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Fig. 4.1: A schematic diagram of the spectroscopy and high speed camera experimental 
setup.  The rotation of the cylindrical workpiece is indicated in the figure.   
 

4.3 Data analysis 

 

4.3.1 Time-average plasma electron temperatures 

 

Time-average plasma electron temperatures were calculated for arc, laser, and 

hybrid welding plasmas using deconvoluted measured spectral line intensities obtained 

via optical emission spectroscopy.  The spectral lines were chosen to have upper energy 

level potentials which differed on the order of kT (approximately 1 eV), were of the same 

element and ionization state, and did not differ significantly in wavelength.23, 31  Based 

upon these criteria, the two wavelengths chosen were the 522.49 nm and 534.83 nm Cr I 

peaks.  The Cr I lines used were free of self-absorption, which was confirmed by the 

method described by Miller and DebRoy.9  This spectroscopic method measures 

excitation temperature, which is not always equal to the electron temperature.  However, 

for the chosen metal lines and the experimental conditions, it is reasonable to equate the 

excitation and electron temperatures.  The time-average, Te, electron temperature was 

calculated using:23, 31 
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where c is a constant whose value is 5040 K cm, Eqa and Eqb are the upper energy level 

potentials of peak ‘a’ and peak ‘b’ in units of cm-1, gq and Aqp are the upper energy level 

statistical weight (dimensionless) and transition probability in unit of s-1 for the 

corresponding peaks, λa and λb are the wavelengths of peaks ‘a’ and ‘b’, respectively in 

nm, and Ia and Ib are the deconvoluted intensities of the peaks (measured in counts).  Fig. 

4.2 shows that the data collected by the spectrometer includes the sum of the emissions 

from various radial locations along the line of sight of the spectroscope.  However, in 

order to determine the local values of light intensity from various line of sight 

measurements within the plasma, an appropriate deconvolution scheme is needed.   

 

 
Fig. 4.2: A schematic diagram of the spectrometer line of sight data collection 
arrangement.  The welding direction is perpendicular to the spectrometer line of sight. 
 

An Abel transformation was performed on the measured spectral line intensities 

to deconvolute the measured line of sight data to intensity as a function of radius based 

on the method outlined by Barr.32  The model used to perform the Abel transform and 

calculate the plasma average electron temperatures from measured spectral data is 

presented in Appendix B.  A similar procedure has been applied for arc and laser 

plasmas.31-32  High speed video imaging of the hybrid welding plasma close to the laser 

focal point, shown by Fig. 4.3, provided images of the circular plasma cross section 
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necessary to justify the use of an Abel transform.  Fig. 4.3 (a) shows the circular plasma 

cross section near the opening of the keyhole and weld pool top surface.  In addition, the 

symmetry along the vertical axis of the cylindrical plasma above the weld pool top 

surface is shown in Fig. 4.3 (b). 

   

 
Fig. 4.3: Hybrid welding plasma circular cross section (a) close to keyhole opening and 
weld pool top surface and (b) circular symmetric plasma shape along the plasma vertical 
axis above weld pool top surface.  The arc current and heat source separation distance are 
101 A and 4mm, respectively.  The arrows indicate the proximity of the laser focal point 
and the welding direction. 
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4.3.2 Atom, ion, and electron densities 

 

The concentrations of the metal vapors and the shielding gas were needed for the 

calculation of plasma species densities and electrical conductivity.23  The rates of 

vaporization of the alloying elements were calculated from numerically computed weld 

pool surface temperature fields obtained from a well tested, three dimensional, heat 

transfer and fluid flow model detailed in Chapter 3.30, 33-34  The material properties33 used 

to calculate the weld pool temperature and fluid velocity profiles  for the welds on the 

304L pipe are provided in Table 4.3.  

The modified Langmuir equation has been used to calculate the vaporization flux 

during laser and laser-arc hybrid welding.30, 33-34  Several experimental and theoretical 

studies35-38 have determined vapor compositions,36 weld material composition,38 and 

welded specimen weight loss35-36 using the modified Langmuir equation and  is defined 

as:    

TπRM2b

Pa
J

i

ii
i =      (4.2) 

where Ji is the local molar vaporization flux of alloying element i in kg m-2 s-1, ai is the 

activity of alloying element i, Pi is the equilibrium partial pressure of alloying element i 

in atm at the local keyhole or weld pool surface temperature in Kelvin, T, b is a 

dimensionless constant with a value of 7.5 which accounts for the reduced vaporization 

rate at atmospheric pressure compared to that in perfect vacuum,35-38 Mi is the atomic 

mass of alloying element i in kg mole-1, and R is the ideal gas constant (8.314 J mol-1K-1).  

Using equation 4.2, the vaporization rate of an alloying element i inside the keyhole (in 

moles per second) is given by: 

∫=
k

ki
k

i dAJr       (4.3) 

where k refers to an element of surface dAk on the keyhole wall. The rate of vaporization 

of element i at any location along the weld pool top surface (ri
s) was also calculated in a 

similar manner.  The approximate chemical composition of the plasma was determined 

by assuming that the shielding gas and the metal vapors were well mixed: 
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where ∑ r  is the sum of the vaporization rates of all alloying elements inside the 

keyhole and along the top surface of the weld pool and the molar flow rate of the 

shielding gas given in Table 4.2.  The mole fractions of the argon shielding gas in the 

plasma were calculated by replacing the numerator in equation 4.4 with the shielding gas 

molar flow rate.  These mole fractions are needed to calculate the total electron density 

which is taken as the summation of the product of the mole fraction of each species and 

the electron density in a plasma comprised solely of each species: 

∑
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N
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i
eie nxN       (4.5) 

where N is the total number of elements in the plasma and ne
i is the electron density of a 

plasma composed of only pure element i.   

For each pure species, the electron, ion and atom densities were obtained by 

solving the following three equations: 
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where ne
i is the electron density, ni

i is the ion density, na
i is the atom density, Ze

i is the 

electron partition function (which is given a value of 2 based upon the degeneracy), Zi
i is 

the ion partition function,23, 39 me is the resting mass of an electron (9.11 x 10 -31 kg), k is 

the Boltzmann constant, Te is the time-average electron temperature in Kelvin, Vi is the 

ionization potential, Za
i is the atom partition function,23, 39 and h is Planck’s constant.  

Equation 4.6, often referred to as the Saha’s equation, provides an equilibrium constant 

relating the number densities of electrons, ions and atoms of a pure species, at a given 

temperature Te. Equation 4.7 represents quasi-neutrality of the plasma and equation 4.8 

follows from an ideal gas behavior of the plasma where 7.34 x 1027 is a constant in units 

of K m-3 for a plasma at ambient pressure.16, 23  For the calculation of the equilibrium 

number density of atoms, ions, and electrons, it was assumed that the temperatures of the 
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plasma and atoms, ions, and electrons were equal.  The model used to calculate the atom 

and ion species densities is presented in Appendix C. 

 

Table 4.3: 304L stainless steel material properties used for numerical model 
calculations30 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Property  

Density of solid (kg m-3) 7000 

Density at boiling point                 
(kg m-3) 5800 

Solidus temperature (K) 1697 
Liquidus temperature (K) 1727 

Enthalpy of solid at melting 
point (J kg-1) 1.20 x 106 

Enthalpy of liquid at 
melting point (J kg-1) 1.26 x 106 

Specific heat of solid                   
(J kg-1 K-1) 711 

Specific heat of liquid                  
(J kg-1 K-1) 795 

Thermal conductivity of the 
solid (W m-1 K-1) 27 

Thermal conductivity of the 
liquid (W m-1 K-1) 29 

Coefficient of thermal 
expansion  (1 K-1) 1.96 x 10-5 

Emissivity 0.2 
dγ/dT of the pure material            

(N m-1 K-1) -4.3 x 10-4 

Concentration of surface 
active species (wt%) 0.015 

Surface excess at saturation 
(mole m-2) 1.3 x 10-5 

Enthalpy of segregation                
(J mol-1) -1.66 x 105 

Entropy factor 0.00318 
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 Apart from the calculation of total electron density using the calculated plasma 

composition and Saha’s equation, which will be henceforth referred to as the model, 

Stark broadening14, 40-41 was also used to estimate the total electron density in m-3 :   

ω
λ

sN
s
1/2

e ≈       (4.9) 

where s is a constant with a value of 0.5 x 1022 m-3, s
2/1λ is the full-width-half-maximum 

(FWHM) of the 538.34 nm Fe I spectral line in Å and ω is the electron collision 

broadening parameter as a function of electron temperature available in the literature.42 

Since the Stark broadening total electron densities were calculated without considering 

the radial variation of the spectral line FWHM, the results were used only for an order-of-

magnitude estimation of the total electron densities.  The 538.34 nm Fe I spectral line 

was chosen for this study since previous studies have shown that this spectral line results 

in negligible self absorption.43-44  The FWHM of spectral lines may increase due to 

natural, Doppler, and Stark broadening.14  Therefore, in order to utilize Stark broadening 

for the calculation of total electron density, other forms of spectral line broadening should 

be negligible in comparison.42 Natural broadening is often considered to be negligible.14, 

23, 45  Doppler broadening was also found to be negligible in this study and was 

calculated14, 46 to be approximately 0.0056 nm at 12000 K . 

 

4.3.3 Electrical conductivity 

 

   The electrical conductivities of the plasmas evaluated are given by:23 
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where σ is the electrical conductivity in Siemens m-1, e is the electron charge                 

(1.6 x 10-19 C), Te is the electron temperature of the plasma in Kelvin, Ne is the total 

electron density (m-3), na
i is the atom density (m-3), Qi is the momentum transfer cross 

section for an electron-ion interaction (m2), and Qa
i is the momentum transfer cross 

section for an electron-atom interaction (m2).  The electron-atom interaction cross section 

values and calculation procedure for the momentum transfer cross section for an electron-

ion interaction were taken from the literature.23, 47-49  
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4.4 Results and discussion 

 

4.4.1 Temperature and velocity fields and alloying element vaporization 

 

Alloying element vaporization rates are dependent on local temperature.  Fig. 4.4 

shows the computed three-dimensional heat transfer and fluid flow profiles for (a) arc, (b) 

laser, and (c) hybrid welding.  At the weld pool surface, liquid metal is the result of 

surface tension driven Marangoni convection.  Hybrid and laser welding result in the 

formation of a narrow vapor filled keyhole cavity due to the relatively high power density 

of the laser beam, which is the primary source of metal vapors in the plasma due to high 

temperatures at the keyhole walls.  The keyhole is shown in Fig. 4.4 (b) and (c) by the 

3034 K isotherm.  The keyhole depth is very similar to the depth of the weld pool.30, 33, 50  

Higher temperature gradients during laser and laser-arc hybrid welding, compared to arc 

welding, result in faster fluid flow and better mixing.  The radially outward fluid flow 

during laser welding is primarily the result of Marangoni convection while the fluid flow 

pattern during laser-arc hybrid welding is the result of both surface tension gradient and 

electromagnetic force.30  
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Fig. 4.4: Calculated (a) arc, (b) laser, and (c) hybrid welding three dimensional 
temperature and fluid flow profiles used for determining plasma composition. The arc 
current and laser power were 141 A and 1700 W.  The hybrid welding heat source 
separation distance was 4 mm. All welds were performed at 8.5 mm s-1 on 304L stainless 
steel.  The 1727 K and 1697 K isotherms are the alloy liquidus and solidus temperatures. 
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Fig. 4.5 shows calculated (a) laser, (b) arc, and (c) hybrid weld cross sections 

overlaid on top of experimentally obtained cross sections.  Laser and laser-arc hybrid 

welding results in relatively deeper penetration due to the high power density of the laser 

beam and keyhole formation.  The wide and shallow weld pool during arc welding results 

from the low power density of the arc and weld pool convection.  The laser and laser-arc 

weld pools are relatively wider near the weld pool top surface due to the fast radially 

outward fluid flow in the weld pool.  Hybrid welding results in a wider weld pool width 

than the arc or laser welds due to increasing arc power density with arc contraction and 

convection.11, 27, 30, 51  The average error between the experimental and calculated weld 

bead depths and widths for all welding conditions considered were 6.4% and 8.2%, 

respectively. 

 

 
Fig. 4.5: (a) Laser, (b) arc, and (c) hybrid welding calculated weld bead cross sections 
overlaid on top of experimental weld bead cross sections.  The laser power and arc 
current were 1700 W and 141 A.  The heat source separation distance during hybrid 
welding was 6 mm.  All welds were performed at 8.5 mm s-1 on 304L stainless steel.  The 
solid isotherm indicates the 1697 K solidus.  The dashed isotherm is the keyhole 
boundary, 3034 K. 
 

The computed temperature fields are used to estimate the vaporization rates of 

alloying elements and the compositions of various species in the plasma. Table 4.4 shows 
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calculated arc, laser, and hybrid welding plasma chemical compositions and weld depths.  

Arc welding plasma metal vapor concentrations are lower than those during laser and 

hybrid welding.  Metal vaporization rates increase with keyhole formation and lead to 

higher amounts of metal vapors in the plasma during high power density laser and hybrid 

welding.  Table 4.4 also shows that there may be an optimal heat source separation 

distance for a given arc current where hybrid weld penetration depth is greatest. This 

agrees with observations reported in the literature.26, 51-52   

 
Table 4.4: Calculated arc, laser, and hybrid welding plasma compositions and weld 
depths for various arc current and heat source separation distances determined by the heat 
transfer and fluid flow model.  The laser power was 1700 W. 

Process 
 

Arc 
Current 

(A) 

Separation 
Distance 

(mm) 

 
Calculated 
weld depth 

(mm) Mole % 
Ar 

Mole %  
Fe 

Mole %  
Cr 

Mole %  
Mn 

Mole %  
Ni 

Arc 
101   0.56 99.98 1.08 x 10-3 1.44 x 10-3 1.34 x 10-2 9.09 x 10-5 

121   0.59 99.98 1.67 x 10-3 2.39 x 10-3 1.87 x 10-2 1.44 x 10-4 

141   0.68 99.98 9.99 x 10-4 1.28 x 10-3 1.56 x 10-2 7.75 x 10-5 

Hybrid 

101 4 4.26 92.43 3.66 2.34 1.26 0.3 
121 4 4.26 92.72 3.52 2.23 1.23 0.29 
141 4 4.26 92.42 3.66 2.33 1.29 0.3 
101 6 4.33 91.62 4.1 2.57 1.38 0.33 
121 6 3.87 94.89 2.47 1.55 0.89 0.2 
141 6 4.66 89.99 4.94 3.08 1.59 0.4 

Laser     3.87 95.21 2.39 1.46 0.75 0.19 
 

When the heat source separation distance is 4 mm, the calculated weld depths for 

all of the considered arc currents are very similar during hybrid welding.  The arc current 

has a negligible affect on hybrid weld pool penetration when the heat source separation is 

4 mm and the keyhole surface area does not change appreciably.  As a result, the metal 

vaporization rates are similar.  When the heat source separation distance is 6 mm, weld 

penetration depth is greatest when the arc current is 141 A.  Chen et al.26 showed optimal 

heat source separation distance for maximum weld penetration depth increases with 

increasing arc current. In addition, when the heat source separation distance is 6 mm, the 

keyhole depth varies significantly with arc current resulting in variation of the metal 

vapor content of the plasma. 
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4.4.2 Time-average plasma electron temperatures 

 
Fig. 4.6 shows a typical measured intensity versus wavelength plot for plasma 

formed during hybrid welding with several spectral lines identified by wavelength and 

species type.  Within the observed wavelength range, atomic iron and chromium were the 

most prominent species in the spectra for the welding of 304 L stainless steel. The plasma 

temperature affects the equilibrium number density of ionized species contained within 

the plasma and the plasma electrical conductivity.  The time-average hybrid welding 

plasma electron temperatures calculated from deconvoluted spectral line intensities at the 

laser beam symmetry axis are shown as a function of arc current in Fig. 4.7.  The error 

bars shown in Fig. 4.7 are for a 2% variation in the data based upon the maximum 

standard deviation for all of the arc current levels observed.  Heat source separation 

distance affects electron temperatures close to the laser focal point during hybrid 

welding.  Increasing heat source separation distance from 4 mm to 6 mm reduces electron 

temperatures during hybrid welding by approximately 500 K, 700 K, and 900 K when arc 

current is 101 A, 121 A, and 141 A, respectively.  Electron temperatures decrease with 

increasing heat source separation distance because of the reduction in heat flux near the 

laser focal point.  Increasing heat source separation distance more significantly affects 

electron temperatures during hybrid welding than increasing arc current within the range 

of currents studied. 
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Fig. 4.6:  Measured intensity versus wavelength plot for plasma formed during hybrid 
welding with several spectral lines identified by wavelength and species type.  The laser 
power and arc current were 1700 W and 141 A, respectively.  The heat source separation 
distance was 4 mm.  The spectral data were taken from 0.75 mm above the laser focal 
point. 
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Fig. 4.7: Time-average electron temperatures calculated from spectral measurements as a 
function of arc current for hybrid welding plasmas when the heat source separation 
distance is 4 mm and 6 mm.  The laser power was 1700 W.  The data were obtained from 
0.75 mm above the laser focal point.  The laser was focused at the workpiece surface.   

 

 A comparison of laser-arc hybrid, arc, and laser welding plasma electron 

temperatures is shown in Fig. 4.8 as a function of arc current.  The temperature values are 

from the arc symmetry axis during arc welding and laser beam symmetry axis during 

laser and hybrid welding.  Laser welding plasma electron temperatures were slightly 

lower than those during arc welding and may be due to variations in the measured spectra 

or fluctuations in the plasma characteristics due to keyhole in stability.  In addition, it 

could be due to the laser plasma geometry being very different to the arc and hybrid 

welding plasmas and the observation location was more on the plasma fringe (simply a 

cooler region) compared to the arc plasma.  Due to high heat flux from the addition of a 

second heat source during hybrid welding, the time-average electron temperatures are 

greater than those during arc or laser welding.  This may appear to be somewhat different 

from a previous work14 which suggested that the electron temperatures in hybrid welding 

may be slightly lower than that during arc welding.  It was argued that radiation energy 

losses in the plasma resulted in lower electron temperatures during hybrid welding 

compared to arc welding.14  However, the line intensities were not deconvoluted in that 

work and as a result, the true value of the electron temperature at the laser beam axis 

during hybrid welding was never evaluated.14  In addition, the electron temperatures14 
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obtained from the line of sight data are less accurate than electron temperatures 

calculated using deconvoluted spectral intensities.23, 32 
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Fig. 4.8: Time-average electron temperatures calculated from spectral measurements for 
arc, laser, and hybrid welding plasmas as a function of arc current.  The data were 
obtained from the laser beam symmetry axis during laser and hybrid welding and the arc 
symmetry axis during arc welding.  The dashed line is the calculated laser welding 
plasma time-average electron temperature.  Heat source separation distances were 4 mm 
and 6 mm during hybrid welding.  The error bars are based on a 2% standard deviation in 
the data. 

 

Since electron temperature establishes the equilibrium species densities and 

electrical conductivity of the plasma, it is important to know the temperature variation 

along the plasma radius.1, 13, 15, 53  Calculated time-average electron temperatures are 

plotted as a function of horizontal location for various heat sources in Fig. 4.9.  During 

hybrid welding, electron temperatures near the laser beam symmetry axis were higher 

than radially further away.  In the case of laser welding, the laser welding plasma electron 

temperatures shows negligible radial variation in electron temperature due to the 

approximately uniform power distribution.  During arc welding, electron temperatures 

were highest at the arc symmetry axis for 101 A and 121 A currents. When increasing the 

arc current from 101 A to 121 A, the electron temperature at the arc symmetry axis were 
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similar for arc welding.  However, with increasing radial distance from the symmetry 

axis, the electron temperatures decreased much more quickly for 101 A arc current than 

for 121 A. 

 

 
Fig. 4.9: Calculated arc, laser, and hybrid welding plasma electron temperatures from 
spectral measurements as a function of horizontal location relative to the laser focal point.  
The laser symmetry axis is at 0 mm and the arc symmetry axis is at – 4 mm.  The hybrid 
welding was performed with a 1700 W laser and 101 A or 141 A arc current.  The hybrid 
welding heat source separation distance was varied from 4 mm to 6 mm using a constant 
arc current. 

 

4.4.3 Atom, ion, and electron densities 

 

Atom, ion, and total electron densities calculated for argon hybrid welding plasma 

as a function of electron temperature are shown in Fig. 4.10.  The highest electron 

temperature determined for hybrid welding was 9357 K.  At this or lower temperatures, 

the concentrations of the doubly or multiply ionized species are negligible.  Only at much 

higher temperatures, the concentrations of doubly charged ions become important.  For 

example, Boumans23, and Glowacki54 found the second ionization to become important 

above 15,000 K for various non-metallic species.  Tix and Simon55 found that “Doubly 

ionized iron atoms become important only for electron temperatures greater than about 

1.6 eV.” (= 18,567 K).  In addition, singly ionized metallic species in the plasma 
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contribute a significant fraction of the total electron number density for hybrid and laser 

welding plasmas.  Singly ionized metallic species can be produced at plasma 

temperatures as low as approximately 500 K.  Plasma atomic species densities decrease 

with increasing electron temperatures due to ionization and volume expansion.  The 

number density singly ionized species and the electrons they contribute to the plasma 

increase with increasing electron temperature up to a critical point.  With increasing 

temperature, volume expansion becomes increasingly significant relative to ionization 

and the singly ionized species densities increase at a lower rate.  When electron 

temperatures are higher than 10,200 K, volume expansion causes most singly ionized 

metallic species densities to decrease.  In the case of argon and nickel, the critical 

temperatures are 17,000 K and 11,360 K, respectively.  The number densities of 

chromium, manganese, and iron ions are relatively greater than nickel due to their 

ionization potentials and vaporization rates.  Nickel has the second highest42 ionization 

potential (7.64 eV) of iron (7.9 eV), chromium (6.77 eV), manganese (7.43 eV) and 

nickel.  However, since the vaporization rate of nickel is lowest of all the alloying 

elements considered, the concentration of singly ionized species is lower.  The amount of 

atomic argon is greater than the other elements due to relatively higher concentration in 

the plasma.  The argon atom and ion species lines intersect at a higher temperature than 

the other elements in the plasma due to argon’s relatively higher ionization potential. 

Table 4.5 shows calculated total electron densities for arc, laser, and hybrid 

welding plasmas. Total electron densities calculated using the analytical equations are of 

the same order of magnitude as those calculated using iron spectra Stark broadening for 

hybrid welding plasma.  However, the arc and laser plasma total electron densities 

determined via the analytical method are lower than those calculated from Stark 

broadening, which may occur because Stark broadening is not predominant56 when the 

electron density of the plasma is less than the order of 1022 m-3.  
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Fig. 4.10: Calculated atom, ion, and total electron densities for hybrid welding argon 
plasma containing metal vapors as a function of electron temperature.  The arc current 
and heat source separation distance were 121 A and 4 mm.  The data were obtained at the 
laser beam symmetry axis and the laser power was 1700 W.  The total electron density of 
the plasma is given by Ne. 
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Table 4.5: Arc, laser, and hybrid welding plasma total electron densities calculated via 
Stark broadening and the analytical method.  The data were obtained from the laser beam 
symmetry axis during laser and hybrid welding and the arc symmetry axis during arc 
welding for various arc currents and heat source separation distances.  The laser power in 
all cases was 1700 W. 

Process 
Arc 

current 
(A) 

Separation 
distance 

(mm) 

Electron 
temperature 

(K) 

Electron density 
using analytical 

method (m-3) 

Electron 
density 

using iron 
Stark 

broadening   
(m-3) 

Arc 
101   7861 1.20 x 1021 1.00 x 1022 
121   7865 1.22 x 1021 1.30 x 1022 
141   8081 1.66 x 1021 1.67 x 1022 

Hybrid  

101 4 8924 2.19 x 1022 1.58 x 1022 
121 4 9357 2.56 x 1022 1.35 x 1022 
141 4 8838 2.12 x 1022 1.76 x 1022 
101 6 8540 2.02 x 1022 1.66 x 1022 
121 6 8623 1.39 x 1022 1.52 x 1022 
141 6 7927 1.69 x 1022 1.86 x 1022 

Laser     7558 6.92 x 1021 2.00 x 1022 
 

 

In Table 4.5, the total electron densities calculated using the analytical equations 

are greater for hybrid welding than for arc or laser welding, which agrees with previous 

research.11, 14  Plasma total electron densities calculated from the analytical method 

increase with increasing plasma temperature within the range of electron temperatures 

studied.  The analytical results show that the total electron density for the laser welding 

plasma is higher than that for the arc welding plasma due to greater concentrations of 

metal vapors.  Calculated laser welding plasma total electron density (using the analytical 

method) and electron temperature were about double and within 6% difference, 

respectively, compared to values reported in the literature.57  The literature reported 

values  for 1000 W Nd:YAG pulsed laser welding of A316L stainless steel calculated 

using Stark broadening of the 538.3 nm Fe I spectral line.57  The electron temperatures 

and total electron densities ranged from 4500 K to 7150 K and 3 x 1022 m-3 to 6.5 x 1022 

m-3 for various locations in the plasma and pulse durations.  The calculated Stark 

broadening total electron densities from Table 4.5 and in the literature differed by 

approximately 33% to 150%.  The calculated total electron densities for hybrid welding 
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plasmas were higher than those for laser and arc welding due to higher vaporization rates 

and higher plasma temperatures.  High density of electrons in the hybrid welding plasma 

can increase plasma electrical conductivity and improve arc stability.   

Results presented in Table 4.5 do not show any clear effect of increasing arc 

current during hybrid welding on the total electron densities calculated using the 

analytical method.  This means that hybrid welding arc stability may not be affected by 

increasing arc current within the narrow range of arc currents evaluated.  However, 

increasing heat source separation distance during hybrid welding decreases the total 

number density of electrons. As the arc moves further from the laser beam focal point, 

the arc radius increases which results in a lower arc peak power density11, 27, 30, 51  If the 

heat source separation increases so that the arc can no longer bend and root within close 

proximity of the laser focal point, the arc heat flux near the keyhole can decrease and 

lower the plasma total electron density. 

Errors in the values of electron density and electrical conductivity in the plasma 

may result from possible inaccuracy of the computed weld pool temperatures and the 

imperfect mixing of the metal vapors with the argon shielding gas.  These potential 

sources of errors are critically examined. In keyhole mode welding, most of the 

vaporization of alloying elements occurs from within the keyhole, since the vaporization 

rate depends strongly on temperature.  The surface temperature in the keyhole is the 

boiling point of the alloy, i.e., the temperature at which the sum total of the equilibrium 

pressures of all alloying elements equals the local pressure. This pressure is the ambient 

pressure, since the keyhole is open to its environment. The boiling point depends on the 

alloy composition and since the alloying elements follow ideal behavior (activity = mole 

fraction) near the boiling point, its uncertainty is equal to the uncertainty in the available 

vapor pressure data which is small.  On the other hand, the temperature field on the weld 

pool surface outside the keyhole has some uncertainty because it is numerically 

computed.  However, the minimum (solidus temperature) and the maximum values 

(boiling point) in the field are known with certainty. Calculations show that only about 

11% of the metal vapors originate from outside of the keyhole and is susceptible to some 

errors.  Even an unrealistically large error in the vaporization rate outside the keyhole 
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such as 25% will only contribute 2.7% error in the overall vaporization rate from the 

weld pool.  

The impact of imperfect mixing of the metal vapors with the argon shielding gas 

on electron density and electrical conductivity can be understood from a study of the 

effect of metal vapor concentrations on plasma properties.  Three hypothetical cases were 

examined.  First, the electron density was calculated by assuming perfect mixing of metal 

vapors with the argon shielding gas.  Second, the vaporization rates of each metallic 

element, i.e., Fe(g), Cr(g), Mn(g), and Ni (g) were each reduced by 10%, keeping the 

argon flow rate constant and the electron density was determined for the new 

composition of the species mixture.  Third, the vaporization rates of each alloying 

elements were increased by 10%, again keeping the argon shielding gas constant.  The 

computed results, presented in Table 4.6, show that the variation of computed electron 

density was about 7.3% when the vaporization rates were changed by 10%.  Similarly, 

plasma electrical conductivity varied 1.6% or less when the vaporization rate was 

changed by 10%. In summary, it may be concluded that imperfect mixing in the plasma 

will have some errors in the electron density and electrical conductivity calculations.  

However, the sensitivity analysis shows that the errors in the calculations are relatively 

small. 

The plasma compositions combined with the pure single element equilibrium 

species densities calculated using Saha’s equation provide a good approximation of the 

total electron densities in arc, laser, and hybrid welding plasmas.  These calculated total 

electron densities agree with the previous literature in terms of hybrid welding electron 

densities being greater than those during arc welding11, 14 and captures the effect of heat 

source separation distance on electron densities during hybrid welding. 
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Table 4.6:  Analysis of imperfect mixing on hybrid welding plasma total electron density 
for an arc current and heat source separation of 101 A and 4 mm, respectively.  The metal 
vaporization rates were varied by ± 10%.  The percentages in parenthesis are the relative 
error to the total electron density when perfect mixing is assumed. 

 
 
4.4.4 Electrical conductivity 

 

Electrical conductivity of plasma depends on its chemical composition, 

temperature, and equilibrium total electron density.11, 26 Calculated electrical 

conductivities for arc, laser, and hybrid welding plasmas are shown as a function of arc 

current in Fig. 4.11.  Hybrid welding plasmas have relatively higher electrical 

conductivities compared to arc or laser welding.  The combination of an arc and a laser 

beam enhance plasma electrical conductivity during hybrid welding due to high metal 

    Fe Cr Ni Mn Ar 
Variation of 
total molar 

flow rate for 
entire weld               

(10-4 mol s-1) 

original 3.19 2.11 0.264 1.59 103 

-10% 2.88 1.90 0.237 1.43 103  

+10% 3.51 2.32 0.290 1.75 103 

Variation of 
species mole 

fractions 

original 0.0291 0.0192 0.0024 0.0145 0.9348 

-10% 0.0264 0.0174 0.0022 0.0131 0.9409 

+10% 0.0318 0.0210 0.0026 0.0158 0.9287 
Electron 
density 

contribution 
by each 

element when                   
Te = 8924 K              
(1021 m-3) 

original 6.98 5.68 0.482 4.19 4.50 

-10% 6.34 5.15 0.442 3.79 4.53 

+10% 7.63 6.21 0.523 4.57 4.47 

Variation of 
total electron 
density  (m-3) 

original 2.18E x 1022 

-10% 2.02 x 1022(-7.3%) 

+10% 2.34 x 1022(+7.2%) 

Variation of 
electrical 

conductivity             
(S m-1) 

original 3328 

-10% 3274 (-1.6%) 

+10% 3370 (+1.3%) 



 178

vaporization rates and plasma temperatures.  Greater plasma electrical conductivity 

during hybrid welding improves arc stability compared to arc welding alone. 

Fig. 4.11 shows that laser welding results in higher plasma electrical conductivity 

compared to arc welding which is the result of higher total electron density.  With 

increase in arc current, the arc plasma electron density increases slightly as shown in 

Table 4.5, resulting in a corresponding increase in electrical conductivity.  Hybrid 

welding plasma electrical conductivity and arc stability decrease with increasing heat 

source separation distance due to lower total electron densities and electron temperatures.  

However, increasing arc current does not result in a clear trend for plasma electrical 

conductivity during hybrid welding within the range of arc currents considered.     

 

 
Fig. 4.11:  Calculated electrical conductivities for arc, laser, and hybrid welding plasmas 
as a function of arc current.  The electrical conductivity values were obtained from the 
laser beam symmetry axis during laser and hybrid welding and the arc symmetry axis 
during arc welding.  The laser power was 1700 W.  The dashed line shows the electrical 
conductivity of the laser welding plasma. 

 

4.5 Summary and conclusions 

 
Plasmas generated during GTA, Nd:YAG laser, and Nd:YAG laser/GTA hybrid 

welding of 304L stainless steel were successfully analyzed for electron temperatures, 
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atom, ion, and electron densities, chemical compositions, and electrical conductivities 

using optical emission spectroscopy data.  A well tested three dimensional heat transfer 

and fluid flow model was used in order to successfully calculate the temperature profiles 

and subsequent alloying element vaporization rates for arc, laser, and hybrid welding of 

304L stainless steel.  The calculated weld depth and width average error compared to the 

experimentally measured weld dimensions were 6.4% and 8.2% for all of the welding 

conditions considered, respectively.  Using the calculated plasma temperatures from the 

measured emission spectra with the calculated plasma composition, the total electron 

density and subsequent electrical conductivity of the plasmas were successfully 

approximated.  

Time-average plasma electron temperatures for arc, laser, and hybrid welding 

were on average 8000 K, 7500 K, 8950 K for a 4 mm separation distance, and 8350 K for 

a 6 mm separation distance, respectively.  Hybrid welding plasma temperatures were 

greater than those during arc or laser welding of 304L stainless steel due to the increased 

heat flux from the addition of two heat sources.  The hybrid welding plasmas resulted in 

higher total electron densities as the result of greater plasma temperatures and higher 

vaporization rates of alloying elements (Fe, Cr, Mn, and Ni).  The total electron densities 

of arc, laser, and hybrid welding plasmas were approximately 1.4 x 1021 m-3, 7 x 1021 m-3, 

and 2 x 1022 m-3, respectively.  The vaporization rates of iron, chromium, and manganese 

during hybrid welding were on the order of 1 x 10-4 mol s-1 while that of nickel was on 

the order of 1 x 10-5 mol s-1.  The molar flow rate of the argon shielding gas was on the 

order of 1 x 10-2 mol s -1.  Due to the higher heat flux from the addition of two heat 

sources, hybrid welding resulted in plasma molar percentages of alloying elements 

approximately 3000 to 4000 times greater than during arc welding and 30% to 100% 

greater than during laser welding depending upon the alloying element, arc current, and 

heat source separation distance. 

  Arc, laser, and hybrid welding plasma average electrical conductivities were 

1290 S m-1, 2150 S m-1, and 3000 S m-1, respectively. Higher plasma electrical 

conductivity can explain why hybrid welding shows better arc stability compared to arc 

welding.   The increase in plasma electrical conductivity and arc stability during hybrid 

welding arises due to greater heat flux with the addition of a second heat source, higher 
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electron temperatures, metal vapor concentrations, and electron densities relative to 

during arc or laser welding.  Increasing the heat source separation distance from 4 mm to 

6 mm reduced hybrid welding plasma electrical conductivity approximately 500 S m-1.  

Consequently, the reduction in plasma electrical conductivity may have an impact on arc 

stability.  Plasma electrical conductivity decreases as a result of lower heat flux near the 

laser focal point and lower plasma temperatures.  Increasing the heat source separation 

distance did not have an apparent effect on the vaporization rates of the stainless steel 

alloying elements considered.  Increasing hybrid welding arc current within the range of 

currents evaluated did not show a clear trend for electron temperature, ion and electron 

densities, metal vapor concentrations, electrical conductivity, and consequently arc 

stability for a fixed heat source separation distance.   
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Chapter 5 
 

SUMMARY AND CONCLUSIONS 

 

5.1 Summary and conclusions 

 

A critical review of literature1 on hybrid welding revealed several important areas 

for further research.  (1) The understanding of heat transfer and fluid flow during hybrid 

welding is still beginning and further research is necessary.  (2)  Why hybrid welding 

weld bead width is greater than that of laser or arc welding is not well understood.  (3)  

The influence of arc power and heat source separation distance on cooling rates during 

hybrid welding are not known.  (4) Convection during hybrid welding is not well 

understood despite its importance to weld integrity.  (5) The influence of surface active 

elements on weld geometry, weld pool temperatures, and fluid flow during high power 

density laser and laser/arc hybrid welding are not known.  (6) Although the arc power and 

heat source separation distance have been experimentally shown to influence arc stability 

and plasma light emission during hybrid welding, the influence of these parameters on 

plasma properties is unknown.  (7) The electrical conductivity of hybrid welding plasmas 

is not known, despite its importance to arc stability and weld integrity. 

Hybrid weld bead geometry temperature profiles, cooling rates, and subsequent 

microstructure and mechanical properties are dependent upon heat transfer and fluid 

flow, which are influenced by user-controlled process parameters such as arc power, laser 

power, and laser-arc separation distance. The thermo-fluid transport in the weld pool is 

also affected by the presence of surface-active elements in the weld metal. At small 

separation distances (< 5 to 6 mm depending upon the process parameters), the 

interaction of the laser and arc influence the plasma electrical conductivity which, in turn, 

affects the arc stability and thermo-fluid transport in the weld pool. Plasma electrical 

conductivity is influenced by the vaporization of various alloying elements which depend 

upon the keyhole geometry and weld temperature profiles.  In order to better understand 

hybrid welding, these diverse aspects of the joining process covering the influences of (i) 
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user-specified process parameters, (ii) material composition, (iii) plasma properties, and 

(iv) the inherent physical processes, were studied in this work. 

Heat transfer, fluid flow, and plasma properties were evaluated for laser/GTA 

hybrid welding of plain carbon and stainless steels.   A three-dimensional heat transfer 

and fluid flow model was developed and successfully validated for the analysis of weld 

temperatures, fluid velocity profiles, alloying element vaporization rates, and cooling 

rates during hybrid welding.  The model solves the equations of conservation for mass, 

momentum, and energy in order to iteratively solve for the three dimensional temperature 

and fluid flow profiles.  In addition, the model considers multiple reflections of the laser 

beam, the influence of sulfur and oxygen content in the weld metal via the Marangoni 

stress calculation, a pressure balance at the keyhole walls, and the arc energy absorbed 

inside the keyhole. 

Optical emission spectroscopy was successfully used to obtain plasma light 

emission spectra as a function of wavelength.  The measured emission spectra were used 

to determine plasma temperatures.  Calculated temperature profiles from the heat transfer 

and fluid flow model were used to determine alloying element vaporization rates over the 

weld pool surface and within the keyhole.  Since the species densities and electrical 

conductivity of the plasma are affected by the composition of the plasma, alloying 

element vaporization rates and shielding gas mass flow rate were then used to determine 

the composition of the plasma above the weld pool, assuming that it was well mixed.  

This assumption was validated successfully by analyzing the influence of imperfect 

mixing by considering a 10% variation in the molar vaporizations rates of the alloying 

elements (only Fe, Cr, Mn, and Ni were considered here).  Varying the vaporization rates 

resulted in less than a 2% difference in the plasma electrical conductivity of a 101 A, 4 

mm separation hybrid welding plasma at 8924 K.  The plasma total electron density 

varied by less than 7.5%. With the calculated plasma temperatures and plasma 

composition, the plasma species densities were estimated.  Plasma electrical 

conductivities were calculated using the plasma temperature and total electron density, 

which provided a means of evaluating the arc stability. 

The influence of laser power, arc power and heat source separation distance on 

weld pool temperatures and fluid flow profiles were successfully evaluated. In order to 
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better understand the hybrid welding process, laser and arc welding were also studied 

using similar laser powers and arc powers as during hybrid welding.  The roles of arc 

power and heat source separation distance were studied for CO2 laser/GTA hybrid 

welding of 321 stainless steel while the influence of laser power for a constant heat 

source separation was investigated during Nd:YAG laser/GTA hybrid welding of A131 

structural steel. 

a. For the CO2 laser/GTA hybrid welding of 321 stainless steel, the calculated weld 

depth differed from the experimentally measured depth by less than 5%.  In the 

case of Nd:YAG laser/GTA hybrid welding of A131 structural steel, the 

calculated weld depth and width error compared with the experimental results 

were 6.5% and 7.7%, respectively.   

b. Convection is the dominant mechanism of heat transfer during hybrid welding of 

steels.  The importance of heat transfer by convection is expected to differ for 

other alloys welded with higher electrical conductivity, such as aluminum and 

copper alloys.  The primary driving forces affecting fluid flow during hybrid 

welding are the surface tension gradient and the electromagnetic force.  The fluid 

velocities during Nd:YAG laser/GTA hybrid welding of A131 structural steel are 

on the order of 400 mm s-1. 

c. Keyhole mode laser welds result in much deeper weld penetration depth 

compared to arc welds.  Depending upon the welded material and process 

parameters, the laser weld depths were 0.5 to 5 mm greater than arc weld depths 

in this study. 

d. Penetration depth during laser and hybrid welding is very similar to the keyhole 

depth (< 0.1 mm difference), which is primarily a function of the focusing optics, 

laser defocus, and laser power density for a fixed concentration of surface active 

elements.   

e. Increasing the laser power for a fixed focal position and laser optics from 800 W 

to 4500 W increased the weld depth from approximately 1 mm to 6 mm for 

Nd:YAG laser/GTA hybrid welding of A131 structural steel.  The weld depth was 

measured as the distance from the weld bead top surface to the bottom of the 

fusion zone along the weld centerline. 
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f. Hybrid welding results in wider weld bead widths than laser welding.  For 

Nd:YAG laser/GTA hybrid welding of A131 structural steel, hybrid welds 

resulted in 1 mm to 2 mm wider welds than Nd:YAG laser welds, depending upon 

the process parameters.   The weld width is defined as the distance from the right 

hand edge of the weld fusion zone to the left hand edge at the weld bead top 

surface.  The weld width increases due to the addition of a second heat source and 

increased arc peak power density, and melting efficiency due to arc contraction 

from the presence of metal vapors in the plasma.  

g. Weld pool penetration depth is similar during Nd:YAG laser/GTA hybrid and 

Nd:YAG laser welding for the same laser power and focusing optics.  In the case 

of laser and hybrid welding of A131 structural steel, the weld depths did not differ 

by more than 0.7 mm for all of the laser powers considered. 

h. When the heat source separation distance was greater than 6.5 mm for 60 A arc, 

900 W CO2 laser/GTA hybrid welding of 321 stainless steel, the cooling rate from 

1073 K to 773 K at the centerline of the molten weld pool reduces from 

approximately 650 K s-1 to ~400 K s-1.  Beyond the separation distance of 6.5 mm 

the arc begins to act as more a of a post weld heat treatment process. 

i. Increasing arc current from 60A to 120 A and 180 A, for a fixed laser power and 

heat source separation distance during the CO2 laser/GTA hybrid welding of 321 

stainless steel increases the welding process heat input per unit length and reduces 

the cooling rate of the weld pool between 1073 K and 773 K to approximately 

350 K s-1 and 250 K s-1, respectively. 

 

The influence of weld metal oxygen and sulfur concentrations on weld geometry, 

temperature profiles, and fluid flow during Yb doped fiber laser welding of 0.16 %C, 

1.46 %Mn mild steel was successfully investigated experimentally and theoretically.   

a. The measured experimental weld depth and width varied for a given sulfur 

concentration on the order of 1% and 14%, respectively.  The calculated and 

experimental depth and width (when varying the steel sulfur content) differed by 

an average of 2% and 20%, respectively.  Measured experimental weld depth and 

width, for a given oxygen concentration, varied approximately 6.5% and 11.5%.  
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Calculated and experimental laser weld depth and width (when varying the weld 

oxygen content) differed by an average of 12% and 20%, respectively. 

b. With increase in concentration of surface active elements in the weld metal, dγ/dT 

may become positive close to the weld pool boundary while remaining negative 

near the keyhole due to high local temperatures (~3050 K). This results in 

complex fluid flow patterns with fluid flowing inward from the weld pool 

boundary and outward from the keyhole walls. As the concentration of surface 

active elements (both oxygen and sulfur) increases, the radially outward flow 

diminishes which can lower the weld width.  The experimentally measured weld 

width decreased from 5.2 mm to 3.8 mm as the base metal sulfur concentration 

was increased for the range of concentrations considered.  Increasing the 

dissolved oxygen content of the weld pool decreased laser weld width from 5.2 to 

4 mm for the range of concentrations considered. 

c. Sulfur and oxygen differ in terms of their influence of laser weld depth.  

Increasing the sulfur content of the weld metal from 0.006 wt% to 0.15 wt% 

resulted in a fairly consistent experimental weld depth of 9.3 mm (variation on the 

order of about 1%).  The increase in weld pool penetration depth due to the 

influence of surface active elements for laser and hybrid welded mild steel arises 

from changes in the keyhole depth, not the Marangoni stress as previously 

theorized.  Several reactions were considered involving sulfur to determine its 

influence on the keyhole pressure balance calculation and keyhole geometry, but 

none of the reactions resulted in a gaseous species partial pressure above 1 x 10-4 

atm.  The primary pressures influencing the calculated keyhole geometry were the 

vapor pressure of the alloy (~0.9 atm), surface tension pressure (~1 x 10-2 atm), 

and partial pressure of carbon monoxide (~0.1 atm to 0.7 atm).   

d. Increased weld penetration observed when increasing the dissolved oxygen 

concentration in the weld pool from 0.0038 wt% to 0.0257 wt% resulted in the 

formation of carbon monoxide gas at the surface of the keyhole due to reacting 

dissolved oxygen and carbon.  The partial pressure of carbon monoxide ranged 

from 0.1 atm to 0.75 atm depending upon the dissolved oxygen concentration.  

The increase in carbon monoxide pressure resulted in a subsequent deeper 
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keyhole.  Depending upon the dissolved oxygen content of the weld metal, the 

experimental weld depth increased by as much as 1.5 mm.   

 

 Hybrid welding plasma temperatures, species densities, and electrical 

conductivities for various heat source separation distances and arc powers were 

successfully estimated for GTA, Nd:YAG laser, and Nd:YAG laser/GTA hybrid welding 

of 304L stainless steel.  Arc and laser welding plasmas were evaluated using the same 

laser and arc power as those during hybrid welding to better understand hybrid welding 

plasmas. For the experimental conditions considered in this study: 

a. In order to determine the vaporization rates needed to calculated the plasma 

compositions, the three dimensional temperature profiles, weld geometries, and 

fluid flow profiles for arc, laser, and hybrid welds were calculated.  The average 

error between the experimental and calculated weld bead widths and depths for all 

welding conditions considered were 6.4% and 8.2%, respectively. 

b. The vaporization rates of iron, chromium, and manganese during Nd:YAG 

laser/GTA hybrid welding of 304L stainless steel were on the order of                   

1 x 10-4 mol s-1, while that of nickel was on the order of 1 x 10-5 mol s-1.  The 

molar flow rate of the argon shielding gas was on the order of 1 x 10-2 mol s -1. 

c. The high power density of the laser beam and presence of the arc during Nd:YAG 

laser/GTA hybrid welding resulted in molar percentages of alloying elements 

approximately 3000 to 4000 times greater than those during GTAW for similar 

arc currents.  Compared to Nd:YAG laser welding, the molar percentages of 

alloying elements in the plasma during Nd:YAG laser/GTA hybrid welding of 

340L stainless steel were approximately 30% to 100% greater depending upon the 

alloying element, arc current, and heat source separation distance.  

d. Time-average plasma electron temperatures for arc, laser, and hybrid welding 

were on average 8000 K, 7500 K, and 8950 K (4 mm separation) and 8350 K (6 

mm separation), respectively.  Hybrid welding resulted in a high plasma 

temperature due to the additional heat flux provided from a second heat source. 

e. The total electron densities of the GTA, Nd:YAG laser, and Nd:YAG laser/GTA 

hybrid welding plasmas were approximately 1.4 x 1021 m-3, 7 x 1021 m-3, and        
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2 x 1022 m-3, respectively.  The hybrid welding plasma resulted in higher total 

electron densities due to higher plasma temperatures and higher concentrations of 

metal vapors in the plasma compared to arc or laser welding. 

f. Arc, laser, and hybrid welding plasma electrical conductivities were 1290 S m-1, 

2150 S m-1, and approximately 3000 S m-1 on average, respectively. Greater 

plasma electrical conductivity may explain why hybrid welding shows good arc 

stability.  The enhanced plasma electrical conductivity and subsequent arc 

stability during hybrid welding may arise due to increased heat flux from the 

addition of second heat source, higher electron temperatures, metal vapor 

concentrations, and electron densities compared to arc or laser welding. 

g. Increasing the heat source separation distance from 4 mm to 6 mm reduced hybrid 

welding plasma electrical conductivity approximately 500 S m-1.  Consequently, 

this will reduce arc stability due to the lower plasma electrical conductivity 

resulting from lower heat flux near the laser focal point.  Variation of the arc 

current during hybrid welding showed no clear trend for the range of arc currents 

evaluated.  

 

5.2 Future work 

 

 From the work detailed in the thesis, areas for further research are identified.  

Modifying the steady state keyhole pressure balance calculation for transient calculations 

would allow for analysis of heat transfer and fluid flow in ramped keyhole mode laser 

welding.  A transient calculation is important to understand how the pressure terms and 

keyhole shape vary as a function of time.  In addition, the development of this model 

would provide important insight for evaluating the effect of material composition, and 

laser power on temperature and fluid velocity profiles, weld bead shape, porosity 

formation due to unstable keyhole collapse, and cooling rates as a function of time. 

Modeling of hybrid welding microstructures remains an area for significant 

further research.  Comprehensive examination of hybrid weld microstructures and 

mechanical properties for various alloys has been limited.  A study of microstructural 
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evolution for several alloys would be a large benefit to better understand the mechanical 

behavior of hybrid welds. 

  

5.3 References 
 
1. B. Ribic, T. Palmer, T. DebRoy, International Materials Reviews 54 (4), 223-244 

(2009). 
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Appendix A 
 

ANALYSIS OF VARIANCE (ANOVA) CALCULATION 

 
A.1 ANOVA calculation 
 

Details of the analysis of variance (ANOVA) calculations performed are 

presented in this appendix.  An ANOVA analyzes total variance of a dataset between and 

within groups of observations.  The total variance of a dataset can be thought of as the 

departure of measured values from the grand mean of the dataset.  The variance within a 

group of observations is the deviation of data values from the mean for a particular group 

of measurements, while the variance between groups is the straying of all group mean 

values from the grand mean of the entire dataset. 

Based upon the variance within a group of observations and variance between 

groups of observations, a statistical determination as to whether the groups significantly 

differ in terms of their means can be established with some degree of confidence.  The 

confidence levels for the ANOVA’s performed in these studies were all 95%.  The 

ANOVA’s performed for these studies consider the modification of only one factor (one-

way ANOVA) at a time.  By analyzing the difference in means when changing only one 

factor, the ANOVA is simplified. The analysis of interactions between several factors 

changing at once is thus avoided. 

The ANOVA uses the null hypothesis that there exists no difference between the 

groups of observations.1  In order to reject the null hypothesis, the ANOVA must show 

that the ratio of mean variances between the groups to within the groups is greater than a 

critical value determined by a statistical probability F distribution table.1   

The sum of squares evaluates the variation of data within a group, between 

groups, and for the entire dataset.  The sum of squares of variance between groups of 

observations is given by:1 

∑
=

−=
J

1j

2
jjB )Yy(nSS     (A.1) 
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where J is the total number of groups of observations, nj is the number of observations in 

the jth group, jy is the mean of the particular jth group of observations, and Y  is the grand 

mean for all observations and groups.  The grand mean is determined by:1 

∑= N/yY ij       (A.2) 

where yij is the ith observed value for a particular group j and N is the total number of 

observations for all groups.  The sum of squares which analyzes the total variation for all 

observations is defined by:1 

∑∑
= =
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n
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2
ijT

j

)Yy(SS     (A.3) 

where i is the number of observations in group j.  The sum of squares for the variance 

within a group of observations is the difference of the sum of squares for the total 

variance of the dataset and the sum of squares for the variance between groups of 

observation and is given by:1 

BTw SSSSSS −=      (A.4) 

 The degrees of freedom normalize the calculations based upon their sample size 

and the number of groups considered and aid in providing a mean variance for the 

observations.  The total degrees of freedom are given by:1 

1NdfT −=       (A.5) 

The number of degrees of freedom between groups and within a group of 

observations are given by:1 

1JdfB −=       (A.6) 

JNdfW −=       (A.7) 

where dfB is the degrees of freedom for between groups of observations and dfW is the 

degrees of freedom for within groups of observations. 

 The mean square is an adjusted measure of the variance within and between 

groups that considers the number of observations in the group and is used for calculating 

the ratio F.  The mean square between and within groups of observations are given by:1 

1J
SS

MS B
B −

=       (A.8) 
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JN
SS

MS W
W −

=       (A.9) 

where the subscripts B and W stand for between and within the groups of observations.  

The ratio of the mean squares gives the calculated F value for comparison with the 

critical F and is given by:1 

W

B

MS
MS

F =       (A.10) 

 
A.2 References 
 
1. P. Dalgaard, Introductory Statistics with R. (Springer-Verlag New York, Inc., 

New York, NY, 2002). 
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Appendix B 

 

SOURCE CODE FOR ABEL TRANSFORM AND ELECTRON TEMPERATURE 

CALCULATION  

 

B.1 Source code 

 The source code presented in this appendix is for the calculation of the plasma 

electron temperatures using the two line method1 and the deconvolution of the measured 

spectral line intensities via an Abel transform.1-2  The source code performs the 

calculation for the deconvoluted spectral line intensities and electron temperatures with 

two user supplied input files.  The first input file contains the transition probability, 

statistical weights, upper energy level potentials, and spectral line wavelength for each of 

the two spectral lines.  A sample of this input is shown by Fig. B.1. 

 
!First peak data Abel Transform program by Brandon Ribic 
522.494  !Wavelength of first peak (nm) 
2.5E7   !Transition probability of first peak (sec**-1) 
11.0   !Statistical weight for first peak (unitless) 
46959.0  !Upper energy potential (cm**-1) 
!Second peak data 
534.581  !Wavelength (nm) 
4.9E6   !Transition probability (sec**-1) 
5.0   !Statistical weight (unitless) 
26796.0  !Upper energy potential (cm**-1) 
 

Fig. B.1:  Sample input file for spectral line transition probability, statistical weight, 
upper energy level potential, and wavelength data. 
 
The second input file contains the location of the spectral measurement relative to the 

laser beam symmetry axis, a temperature value calculated from non-deconvoluted lines 

(only read, not later used in the calculation), and measured spectral intensities for two 

user specified spectral lines.  A sample of the second input is given in Fig. B.2. 

 
  -0.40000E+01    0.11688E+05    0.25127E+04    0.26182E+04 
  -0.45000E+01    0.93897E+04    0.25512E+04    0.48808E+04 
  -0.50000E+01    0.10003E+05    0.17457E+04    0.27634E+04 
  -0.55000E+01    0.10174E+05    0.12836E+04    0.19350E+04 
  -0.60000E+01    0.11711E+05    0.99160E+03    0.10282E+04 
 

Fig. B.2:  Sample input file for the Abel transform and electron temperature calculation.   
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The source code calculation procedure is shown by a flow chart in Fig. B.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. B.3: Flow chart for measured line intensity deconvolution and calculation of electron 
temperatures. 
 

 The output file contains the plasma light emission sample location relative to the 

laser beam symmetry axis, the measured spectral line intensities, the deconvoluted line 

intensities, and the electron temperature calculated using the deconvoluted line 

intensities. 

 The source code for the Abel transform and electron temperature calculations is: 

 
 program main 
 
 real,dimension(17) :: x, J1, J2, T1 
 real,dimension(17) :: A1,A2,TT,AT1,AT2,C, AA 
 real B1, B2, G1, G2, V1, V2, L1, L2, term1, term2, term3 
 integer i, N 
 
c Variables used in electron temperature calculation 
c B1 and B2 ....transition probabilities (sec**-1) 
c G1 and G2 ....statistical weights (unitless) 
c V1 and V2 ....upper energy level potential (cm**-1) 
c L1 and L2 ....wavelength of each peak (nm) 
 N=5   !number of data points 
 write(*,*) 'Reading Input.txt.' 
 open(unit=40, file='input.txt', form='formatted') 
 read(40,*) !comment line 

Read input files 

Complete Abel 
transform for measured 

line intensity 

Calculate the electron 
temperature using the 

transformed line intensities and 
input file data 

Write output file  
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 read(40,*)L1 
 read(40,*)B1 
 read(40,*)G1 
 read(40,*)V1 
 read(40,*) !comment line 
 read(40,*)L2 
 read(40,*)B2 
 read(40,*)G2 
 read(40,*)V2 
 write(*,*) 'Done reading input.txt.' 
 
c-----Read the previous calculation set results containing intensity values 
 open(unit=10, file='input2.txt') 
 do i=1,N 
 read(10,22) x(i),T1(i),J1(i),J2(i) 
22 format(4(E14.5,1x)) 
 enddo 
 
 A1=J1  
 call Abel(A1,AT1) !Abel transform of first peak 
 write(*,*) 'Completed Abel Inversion of first data set.' 
 
 A2=J2 
 call Abel(A2,AT2) !Abel transform of second peak 
 write(*,*) 'Completed Abel Inversion of second data set.' 
 
c-----Electron temperature calculation of transformed data 
 write(*,*) 'Starting electron temperature calculation.' 
 V1=V1/8065.5 !convert from cm**-1 to eV 
 V2=V2/8065.5 
 
 term1=5040.0*(V1-V2) 
 term2=log10(G1*B1/(G2*B2)) 
 term3=log10(L1/L2) 
  
 
 do i=1,N 
 C(i)=log10(AT1(i)/AT2(i)) 
 TT(i)=term1/(term2-term3-C(i)) 
 enddo 
 write(*,*) 'Finished electron temperature calculation.' 
c-------------------------------------------------------- 
c-----Output of final data 
 write(*,*) 'Writing output to OutputAbel.txt.' 
 open(unit=20, file='OutputAbel.txt') 
 do i=1,N 
 write(20,23)x(i),J1(i),J2(i),AT1(i),AT2(i),TT(i) 
23 format(6(1x,E14.6)) 
 enddo 
 write(*,*) 'Finished writing data to OutputAbel.txt.' 
 
 close(20) 
 close(10) 
 close(40) 
 end 
c-----Abel transformation based upon W.L. Barr's paper in 
c-----Journal of optical society of america (Aug. 1962) Vol:52, Iss:8 
 Subroutine Abel(A,AT) 
 real,dimension(17) :: A,AT 
 
 AT(1)=0.2029*A(1)+0.4439*A(2)+0.1791*A(3)- 
 10.5111*A(4)-0.1298*A(5)-0.0095*A(6)- 
     20.0237*A(7)-0.0193*A(8)-0.0152*A(9)- 
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     30.0122*A(10)-0.0099*A(11)-0.0082*A(12)- 
     40.0069*A(13)-0.0059*A(14)-0.0051*A(15)- 
     50.0044*A(16)-0.0039*A(17) 
  
 AT(2)=0.1831*A(1)+0.4041*A(2)+0.1778*A(3)- 
 10.4342*A(4)-0.1299*A(5)-0.0204*A(6)- 
     20.262*A(7)-0.203*A(8)-0.0157*A(9)- 
     30.0125*A(10)-0.0101*A(11)-0.0084*A(12)- 
     40.007*A(13)-0.006*A(14)-0.0051*A(15)- 
     50.0045*A(16)-0.0039*A(17) 
 
 AT(3)=0.1239*A(1)+0.2847*A(2)+0.174*A(3)- 
 10.2034*A(4)-0.1304*A(5)-0.0531*A(6)- 
     20.0338*A(7)-0.0235*A(8)-0.0173*A(9)- 
     30.0134*A(10)-0.0107*A(11)-0.0087*A(12)- 
     40.0073*A(13)-0.0061*A(14)-0.0053*A(15)- 
     50.0046*A(16)-0.0045*A(17) 
 
 AT(4)=0.1324*A(2)+0.1936*A(3)+0.0928*A(4)-0.0964*A(5)- 
 10.0969*A(6)-0.0501*A(7)-0.0292*A(8)- 
 20.0202*A(9)-0.015*A(10)-0.0117*A(11)- 
 30.0094*A(12)-0.0077*A(13)-0.0065*A(14)- 
 40.0055*A(15)-0.0047*A(16)-0.0041*A(17) 
 
 AT(5)=0.1172*A(3)+0.1523*A(4)+0.0722*A(5)- 
 10.0538*A(6)-0.081*A(7)-0.046*A(8)- 
 20.026*A(9)-0.0179*A(10)-0.0133*A(11)- 
 30.0104*A(12)-0.0084*A(13)-0.0069*A(14)- 
 40.0058*A(15)-0.005*A(16)-0.0043*A(17) 
 
 AT(6)=0.1036*A(4)+0.1291*A(5)+0.0636*A(6)-0.0033*A(7)-0.0714*A(8)- 
 10.0431*A(9)-0.0236*A(10)-0.0162*A(11)- 
 20.012*A(12)-0.0094*A(13)-0.0076*A(14)- 
 30.0063*A(15)-0.0053*A(16)-0.0046*A(17) 
 
 AT(7)=0.093*A(5)+0.114*A(6)+0.0586*A(7)-0.0214*A(8)- 
 10.0646*A(9)-0.0403*A(10)-0.0217*A(11)- 
 20.0148*A(12)-0.0111*A(13)-0.0087*A(14)- 
 30.007*A(15)-0.0058*A(16)-0.0049*A(17) 
 
 AT(8)=0.0847*A(6)-0.1032*A(7)+0.0551*A(8)- 
 10.0142*A(9)-0.0595*A(10)-0.038*A(11)- 
 20.0202*A(12)-0.0138*A(13)-0.0103*A(14)- 
 30.0081*A(15)-0.0065*A(16)-0.0054*A(17) 
 
 AT(9)=0.0781*A(7)+0.0951*A(8)+0.0524*A(9)-0.0095*A(10)- 
 10.0555*A(11)-0.0359*A(12)-0.0189*A(13)-0.0129*A(14)- 
 20.0096*A(15)-0.0075*A(16)-0.0061*A(17) 
 
 AT(10)=0.0727*A(8)+0.0886*A(9)+0.0501*A(10)-0.0063*A(11)- 
 10.0522*A(12)-0.0342*A(13)-0.0179*A(14)- 
 20.0122*A(15)-0.0091*A(16)-0.0071*A(17) 
 
 AT(11)=0.0682*A(9)+0.0834*A(10)+0.0482*A(11)- 
 10.0039*A(12)-0.0495*A(13)-0.0326*A(14)- 
 20.017*A(15)-0.0115*A(16)-0.086*A(17) 
 
 AT(12)=0.0644*A(10)+0.079*A(11)+0.0465*A(12)-0.0022*A(13)- 
 10.047*A(14)-0.0313*A(15)-0.0162*A(16)-0.011*A(17) 
 
 AT(13)=0.0612*A(11)+0.0752*A(12)+0.045*A(13)- 
 10.0009*A(14)-0.045*A(15)-0.0301*A(16)-0.0155*A(17) 
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 AT(14)=0.0583*A(12)+0.072*A(13)+0.0437*A(14)+ 
 10.0001*A(15)-0.0432*A(16)-0.029*A(17) 
 
 AT(15)=0.0558*A(13)+0.0691*A(14)+0.0424*A(15)+ 
 10.0009*A(16)+0.0416*A(17) 
 
 AT(16)=0.0536*A(14)+0.0666*A(15)+0.0413*A(16)+0.0015*A(17) 
 
 AT(17)=0.0517*A(15)+0.0643*A(16)+0.0402*A(17) 
 return 
 end 
 

B.2 References 
 

1. P. W. J. M. Boumans, Theory of Spectrochemical Excitation. (Plenum Press, New 
York, 1966). 

2. W. L. Barr, Journal of the Optical Society of America 52 (8), 885-888 (1962). 
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Appendix C 

 

SOURCE CODE FOR CALCULATION OF IONIC AND ATOMIC PURE 

SPECIES DENSITIES 

 

C.1 Source code 

 In this appendix, the source code for determining the ion, atom, and electron 

species densities of pure Ar, Mn, Fe, Cr, Ni, and Mo is presented.  The source code 

determines the species densities either as a function of electron temperature for a range of 

electron temperatures that is either preset in the code or read from a user supplied input 

file.  The input is determined by a variable called “switch”.  The preset temperature range 

is from 4000 K to 14,000 K.  The user supplied input file contains measured and 

deconvoluted spectral lines intensities (not used in calculation, only read), the location of 

the spectral measurement in the plasma, and the local electron temperature.  A sample 

input file is shown by Table C.1. 

 

Table C.1: Input file sample for species density calculation. 

 
0.00000E+00 2.10100E+02 3.63200E+02 2.90516E+03 4.60883E+03 8.00656E+03 
0.00000E+00 2.24470E+03 4.72000E+03 3.31798E+03 5.49283E+03 7.91356E+03 
0.00000E+00 2.28100E+03 4.61340E+03 3.32535E+03 5.47120E+03 7.92688E+03 

 
The first column (far left) is the location of the measured spectra.  The second through 

fifth columns are measured and deconvoluted spectral line intensities (only read, not used 

in later calculations), and the sixth column (far right) is the calculated electron 

temperature.   

 Using the preset electron temperature range or the user provided electron 

temperature, the equilibrium number densities of pure atomic and ionic Ar, Mn, Cr, Fe, 

Mo, and Ni are calculated.  Fig. C.1 shows a flow chart of the calculation procedure.  

Upon determining whether to use a preset electron temperature range or user defined data 

via the switch, the atomic and ionic partition functions for each pure element are 

calculated.  The ionic, atomic, and total species densities for each pure element are then 

calculated using the electron temperature and calculated partition function value. 
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Fig. C.1: Flow chart of species density source code calculation procedure. 
 

The solution of the partition function was completed using the data for chromium, 

iron, manganese, molybdenum, nickel, and argon given in tables C.2-C.7.1-5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

switch = 1 ? 

Increase electron 
temperature by 100 K 

from 4000 K to 14, 000 
K 

Calculate atomic and ionic 
partition function for each pure 

element 

Write output file for 
each element  

Y 

Read input file for 
measurement location 
and calculated electron 

temperature 

N 

Calculate atomic, ionic, and 
total number density for each 

pure element 
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Table C.2: Data for atomic and singly charged chromium for calculating the partition 
function.2, 4 

Species 
Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1)  

Statistical 
Weight 

Cr I 6.7665 

0 7 
7593.16 5 
7750.78 1 
7810.82 3 
7927.47 5 
8095.21 7 
8307.57 9 

Cr II   

0 6 
11961.81 3 
12032.58 4 
12147.82 6 
12303.86 8 
12496.44 10 

 

Table C.3: Data for atomic and singly charged iron for calculating the partition function.2, 
4 

Species 
 
 

Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1) 

Statistical 
Weight 

Fe I 7.9024 

0 9 
415.932 7 
704.004 5 
888.129 3 
978.072 1 

Fe II   

0 10 
384.79 8 
667.683 6 
862.613 4 
977.053 2 
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 Table C.4: Data for atomic and singly charged manganese for calculating the partition 
function.2, 4 
 

 

 

 

 

 

 

 

 

 

 

 
 
 
Table C.5: Data for atomic and singly charged molybdenum for calculating the partition 
function.2-3 

Species 
Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1) 

Statistical 
Weight 

Mo I 7.0924 

0 7 
10768.332 5 
10956.947 1 
11142.784 3 
11454.362 5 
11858.498 7 
12346.28 9 

Mo II   

0 6 
11783.36 2 
12034.06 4 
12417.28 6 
12900.33 8 
13460.7 10 

 

 
 
 
 

Species 
Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1) 

Statistical 
Weight 

Mn I 7.434 

0 6 
17052.29 10 

17282 8 
17451.52 6 
17568.48 4 
17637.15 2 

Mn II   

0 7 
9472.97 5 
14325.86 9 
14593.82 7 
14781.19 5 
14901.18 3 
14959.84 1 
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Table C.6: Data for atomic and singly charged nickel for calculating the partition 
function.1-2 

Species 
Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1) 

Statistical 
Weight 

Ni I 7.6398 

0 9 
1332.164 7 
2216.55 5 
204.787 7 
879.816 5 
1713.087 3 

Ni II   

0 6 
1506.94 4 
8393.9 10 
9330.04 8 
10115.66 6 
10663.89 4 

 
 
Table C.7: Data for atomic and singly charged argon for calculating the partition 
function.2, 5 

Species 
Ionization 
Potential 

(eV) 

Energy Level 
Potential (cm-1) 

Statistical 
Weight 

Ar I 15.7596 

0 1 
93143.76 5 

93750.5978 3 
94553.6652 1 
95399.8276 3 

Ar II   

0 4 
1431.5831 2 
108721.53 2 

132327.3621 8 
132481.2071 6 
132630.7281 4 
132737.7041 2 

 
 

 The code produces one output file for each element.  Depending upon whether a 

preset range of electron temperatures is used for the species density calculations or a user 

provided temperature in the input file, the format of the output files is slightly different.  

When a user provided input file is implemented, the output will also contain locations 
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from where the measurements were taken within the plasma.  If a preset range of 

temperatures is used, the spectral measurement location will not be provided in the output 

files.  The output files will also contain the electron temperature, the calculated atomic 

and ionic partition function values, and the ionic, atomic, and total species densities for 

the pure element. 

 
 The species density calculation source code is the following: 
  
 program main 
 
 real,dimension(100) :: T, ZAMn, ZiMn, ZAFe, ZiFe, ZAMo, ZiMo 
 real,dimension(100) :: ZANi, ZiNi, ZAAr, ZiAr,ZACr, ZiCr 
 real,dimension(100) :: DiMn, DAMn, DiFe, DAFe, DAMo, DiMo, DANi  
 real,dimension(100) :: DiNi, DiAr, DAAr, DACr, DiCr 
 real,dimension(100) :: TNDCr,TNDAr,TNDNi,TNDMo,TNDFe,TNDMn 
 real,dimension(100) :: C1Mn,C2Mn,C1Fe,C2Fe,C1Ni,C2Ni,C1Ar,C2Ar 
 real,dimension(100) :: C1Cr,C2Cr,C1Mo,C2Mo,x,J1,J2,J3,J4 
 integer i,switch 
 
 
c-----variable definitions 
c ZA- atomic partition function of particular species 
c Zi- ionic partition function of particular species 
c T- electron temperature 
c DA- number density of particular atomic pure species 
c Di- number density of particular ionic pure species 
c TND- total number density of particular pure element 
c C1 and C2- constants for calculations of species densities 
c x- location of measure spectra relative to laser beam symmetry axis 
c J1 through J4- measure and deconvoluted spectral line intensities 
c------------------------------------------------------------------------------ 
 
 switch=0 !switch used to either calculate over temp range (1) 
    ! or for specified temp from input file (0) 
 
 if (switch.eq.1) then  
 do i=1,100 
 T(i)=4000.0+((i-1)*100.0) 
 !Partition function for atomic Mn 
 !0.695 is 8065.5/8.617E-5 (conversion factor divided by boltzmann const.) 
 ZAMn(i)=6.0*exp(0.0)+10.0*exp(17052.29/(0.695*T(i)))+ 
 18.0*exp(17282.0/(0.695*T(i)))+6.0*exp(17451.52/(0.695*T(i)))+ 
 24.0*exp(17568.48/(0.695*T(i)))+2.0*exp(17637.15/(0.695*T(i))) 
 !Partition function of ionic Mn 
 ZiMn(i)=7.0*exp(0.0)+5.0*exp(9472.97/(0.695*T(i)))+ 
 19.0*exp(14325.86/(0.695*T(i)))+7.0*exp(14593.82/(0.695*T(i)))+ 
 25.0*exp(14781.19/(0.695*T(i)))+3.0*exp(14901.18/(0.695*T(i)))+ 
 31.0*exp(14959.84/(0.695*T(i))) 
 !Density of ionic Mn species 
 C1Mn(i)=2.0*2.41E21*(ZiMn(i)/ZAMn(i))*(T(i)**1.5)* 
 1exp(-7.4340/(8.615E-5*T(i))) 
 C2Mn(i)=7.34E27/(T(i)) 
 
 DiMn(i)=(sqrt(4.0*(C1Mn(i)**2.0)+(4.0*C1Mn(i)*C2Mn(i)))- 
 12.0*C1Mn(i))/2.0 
 !Density of atomic Mn species 
 DAMn(i)=(DiMn(i)*DiMn(i))/C1Mn(i) 
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 !Total number density of Mn species in plasma 
 TNDMn(i)=2.0*DiMn(i)+DAMn(i) 
 
 
 !Partition function of atomic Fe 
 ZAFe(i)=9.0*exp(0.0)+7.0*exp(415.932/(0.695*T(i)))+ 
 15.0*exp(704.004/(0.695*T(i)))+3.0*exp(888.129/(0.695*T(i)))+ 
 21.0*exp(978.072/(0.695*T(i))) 
 !Partition function of ionic Fe 
 ZiFe(i)=10.0*exp(0.0)+8.0*exp(384.790/(0.695*T(i)))+ 
 16.0*exp(667.683/(0.695*T(i)))+4.0*exp(862.613/(0.695*T(i)))+ 
 22.0*exp(977.053/(0.695*T(i))) 
 !Density of ionic Fe species 
 C1Fe(i)=2.0*2.41E21*(ZiFe(i)/ZAFe(i))*(T(i)**1.5)* 
 1exp(-7.9024/(8.615E-5*T(i))) 
  
 C2Fe(i)=7.34E27/(T(i)) 
  
 DiFe(i)=(sqrt(4.0*(C1Fe(i)**2.0)+(4.0*C1Fe(i)*C2Fe(i)))- 
 12.0*C1Fe(i))/2.0 
 !Density of atomic Fe species 
 DAFe(i)=(DiFe(i)*DiFe(i))/C1Fe(i) 
 !Total number density of Fe species in plasma 
 TNDFe(i)=2.0*DiFe(i)+DAFe(i) 
 
 
 !Partition function of atomic Mo 
 ZAMo(i)=7.0*exp(0.0)+5.0*exp(10768.332/(0.695*T(i)))+ 
 11.0*exp(10956.947/(0.695*T(i)))+3.0*exp(11142.784/(0.695*T(i)))+ 
 25.0*exp(11454.362/(0.695*T(i)))+7.0*exp(11858.498/(0.695*T(i)))+ 
 39.0*exp(12346.28/(0.695*T(i))) 
 !Partition function of ionic Mo 
 ZiMo(i)=6.0*exp(0.0)+2.0*exp(11783.36/(0.695*T(i)))+ 
 14.0*exp(12034.06/(0.695*T(i)))+6.0*exp(12417.28/(0.695*T(i)))+ 
 28.0*exp(12900.33/(0.695*T(i)))+10.0*exp(13460.7/(0.695*T(i))) 
 !Density of ionic Mo species 
 C1Mo(i)=2.0*2.41E21*(ZiMo(i)/ZAMo(i))*(T(i)**1.5)* 
 1exp(-7.0924/(8.615E-5*T(i))) 
  
 C2Mo(i)=7.34E27/(T(i)) 
  
 DiMo(i)=(sqrt(4.0*(C1Mo(i)**2.0)+(4.0*C1Mo(i)*C2Mo(i)))- 
 12.0*C1Mo(i))/2.0 
 !Density of atomic Mo species 
 DAMo(i)=(DiMo(i)*DiMo(i))/C1Mo(i) 
 !Total number density of Mo species in plasma 
 TNDMo(i)=2.0*DiMo(i)+DAMo(i) 
 
 !Partition function of atomic Ni 
 ZANi(i)=9.0*exp(0.0)+7.0*exp(1332.164/(0.695*T(i)))+ 
 15.0*exp(2216.550/(0.695*T(i)))+7.0*exp(204.787/(0.695*T(i)))+ 
 25.0*exp(879.816/(0.695*T(i)))+3.0*exp(1713.087/(0.695*T(i))) 
 !Partition function of ionic Ni 
 ZiNi(i)=6.0*exp(0.0)+4.0*exp(1506.94/(0.695*T(i)))+ 
 110.0*exp(8393.9/(0.695*T(i)))+8.0*exp(9330.04/(0.695*T(i)))+ 
 26.0*exp(10115.66/(0.695*T(i)))+4.0*exp(10663.89/(0.695*T(i))) 
 !Density of ionic Ni species 
 C1Ni(i)=2.0*2.41E21*(ZiNi(i)/ZANi(i))*(T(i)**1.5)* 
 1exp(-7.6398/(8.615E-5*T(i))) 
  
 C2Ni(i)=7.34E27/(T(i)) 
  
 DiNi(i)=(sqrt(4.0*(C1Ni(i)**2.0)+(4.0*C1Ni(i)*C2Ni(i)))- 
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 12.0*C1Ni(i))/2.0 
 !Density of atomic Ni species 
 DANi(i)=(DiNi(i)*DiNi(i))/C1Ni(i) 
 !Total number density of Ni species in plasma 
 TNDNi(i)=2.0*DiNi(i)+DANi(i) 
 
 !Partition function of atomic Ar 
 ZAAr(i)=1.0*exp(0.0)+5.0*exp(93143.76/(0.695*T(i)))+ 
 13.0*exp(93750.5978/(0.695*T(i)))+1.0*exp(94553.6652/(0.695*T(i)))+ 
 23.0*exp(95399.8276/(0.695*T(i))) 
 !Partition function of ionic Ar 
 ZiAr(i)=4.0*exp(0.0)+2.0*exp(1431.5831/(0.695*T(i)))+ 
 12.0*exp(108721.53/(0.695*T(i)))+8.0*exp(132327.3621/(0.695*T(i)))+ 
 26.0*exp(132481.2071/(0.695*T(i)))+ 
     34.0*exp(132630.7281/(0.695*T(i)))+ 
     42.0*exp(132737.7041/(0.695*T(i))) 
 !Density of ionic Ar species 
 C1Ar(i)=2.0*2.41E21*(ZiAr(i)/ZAAr(i))*(T(i)**1.5)* 
 1exp(-15.7596/(8.615E-5*T(i))) 
  
 C2Ar(i)=7.34E27/(T(i)) 
  
 DiAr(i)=(sqrt(4.0*(C1Ar(i)**2.0)+(4.0*C1Ar(i)*C2Ar(i)))- 
 12.0*C1Ar(i))/2.0 
 !Density of atomic Ar species 
 DAAr(i)=(DiAr(i)*DiAr(i))/C1Ar(i) 
 !Total number density of Ar species in plasma 
 TNDAr(i)=2.0*DiAr(i)+DAAr(i) 
 
 
 !Partition function of atomic Cr 
 ZACr(i)=7.0*exp(0.0)+18*exp(17282.0/(0.695*T(i)))+ 
 15.0*exp(7593.16/(0.695*T(i)))+1.0*exp(7750.78/(0.695*T(i)))+ 
 23.0*exp(7810.82/(0.695*T(i)))+5.0*exp(7927.47/(0.695*T(i)))+ 
 37.0*exp(8095.21/(0.695*T(i)))+9.0*exp(8307.57/(0.695*T(i))) 
 !Partition function of ionic Cr 
 ZiCr(i)=6.0*exp(0.0)+2.0*exp(11961.81/(0.695*T(i)))+ 
 14.0*exp(12032.58/(0.695*T(i)))+6.0*exp(12147.82/(0.695*T(i)))+ 
 28.0*exp(12303.86/(0.695*T(i)))+10.0*exp(12496.44/(0.695*T(i))) 
 !Density of ionic Cr species 
 C1Cr(i)=2.0*2.41E21*(ZiCr(i)/ZACr(i))*(T(i)**1.5)* 
 1exp(-6.7665/(8.615E-5*T(i))) 
       
 C2Cr(i)=7.34E27/(T(i)) 
  
 DiCr(i)=(sqrt(4.0*(C1Cr(i)**2.0)+(4.0*C1Cr(i)*C2Cr(i)))- 
 12.0*C1Cr(i))/2.0 
 !Density of atomic Cr species 
 DACr(i)=(DiCr(i)*DiCr(i))/C1Cr(i) 
 !Total number density of Cr species in plasma 
 TNDCr(i)=2.0*DiCr(i)+DACr(i)  
  
 open(unit=20,file='OutputDensityMn.txt') 
 open(unit=21,file='OutputDensityFe.txt') 
 open(unit=22,file='OutputDensityMo.txt') 
 open(unit=23,file='OutputDensityNi.txt') 
 open(unit=24,file='OutputDensityAr.txt') 
 open(unit=25,file='OutputDensityCr.txt') 
 write(20,1011)T(i),ZAMn(i),ZiMn(i),DAMn(i),DiMn(i),TNDMn(i) 
 write(21,1011)T(i),ZAFe(i),ZiFe(i),DAFe(i),DiFe(i),TNDFe(i) 
 write(22,1011)T(i),ZAMo(i),ZiMo(i),DAMo(i),DiMo(i),TNDMo(i) 
 write(23,1011)T(i),ZANi(i),ZiNi(i),DANi(i),DiNi(i),TNDNi(i) 
 write(24,1011)T(i),ZAAr(i),ZiAr(i),DAAr(i),DiAr(i),TNDAr(i) 
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 write(25,1011)T(i),ZACr(i),ZiCr(i),DACr(i),DiCr(i),TNDCr(i) 
1011 format(6(E14.5,1x)) 
 enddo 
 close(20) 
 close(21) 
 close(22) 
 close(23) 
 close(24) 
 close(25) 
  
 
 else 
 open(unit=10,file='input.txt') 
 
 do i=1,3 
c read(10,*) x(i),T(i),J1(i),J2(i) 
 read(10,*) x(i),J1(i),J2(i),J3(i),J4(i),T(i) 
c3304 format(6(e14.6,1x)) 
 
 !Partition function for atomic Mn 
 !0.695 is 8065.5/8.617E-5 (conversion factor divided by boltzmann const.) 
 ZAMn(i)=6.0*exp(0.0)+10.0*exp(17052.29/(0.695*T(i)))+ 
 18.0*exp(17282.0/(0.695*T(i)))+6.0*exp(17451.52/(0.695*T(i)))+ 
 24.0*exp(17568.48/(0.695*T(i)))+2.0*exp(17637.15/(0.695*T(i))) 
 !Partition function of ionic Mn 
 ZiMn(i)=7.0*exp(0.0)+5.0*exp(9472.97/(0.695*T(i)))+ 
 19.0*exp(14325.86/(0.695*T(i)))+7.0*exp(14593.82/(0.695*T(i)))+ 
 25.0*exp(14781.19/(0.695*T(i)))+3.0*exp(14901.18/(0.695*T(i)))+ 
 31.0*exp(14959.84/(0.695*T(i))) 
 !Density of ionic Mn species 
 !2.41E21 is product of (2*3.14*9.11E-31*1.3806E-23)**1.5/(6.626E-34**3.0) 
 C1Mn(i)=2.0*2.41E21*(ZiMn(i)/ZAMn(i))*(T(i)**1.5)* 
 1exp(-7.4340/(8.615E-5*T(i))) 
 C2Mn(i)=7.34E27/(T(i)) 
 
 DiMn(i)=(sqrt(4.0*(C1Mn(i)**2.0)+(4.0*C1Mn(i)*C2Mn(i)))- 
 12.0*C1Mn(i))/2.0 
 !Density of atomic Mn species 
 DAMn(i)=(DiMn(i)*DiMn(i))/C1Mn(i) 
 !Total number density of Mn species in plasma 
 TNDMn(i)=2.0*DiMn(i)+DAMn(i) 
 
 
 !Partition function of atomic Fe 
 ZAFe(i)=9.0*exp(0.0)+7.0*exp(415.932/(0.695*T(i)))+ 
 15.0*exp(704.004/(0.695*T(i)))+3.0*exp(888.129/(0.695*T(i)))+ 
 21.0*exp(978.072/(0.695*T(i))) 
 !Partition function of ionic Fe 
 ZiFe(i)=10.0*exp(0.0)+8.0*exp(384.790/(0.695*T(i)))+ 
 16.0*exp(667.683/(0.695*T(i)))+4.0*exp(862.613/(0.695*T(i)))+ 
 22.0*exp(977.053/(0.695*T(i))) 
 !Density of ionic Fe species 
 C1Fe(i)=2.0*2.41E21*(ZiFe(i)/ZAFe(i))*(T(i)**1.5)* 
 1exp(-7.9024/(8.615E-5*T(i))) 
  
 C2Fe(i)=7.34E27/(T(i)) 
  
 DiFe(i)=(sqrt(4.0*(C1Fe(i)**2.0)+(4.0*C1Fe(i)*C2Fe(i)))- 
 12.0*C1Fe(i))/2.0 
 !Density of atomic Fe species 
 DAFe(i)=(DiFe(i)*DiFe(i))/C1Fe(i) 
 !Total number density of Fe species in plasma 
 TNDFe(i)=2.0*DiFe(i)+DAFe(i) 
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 !Partition function of atomic Mo 
 ZAMo(i)=7.0*exp(0.0)+5.0*exp(10768.332/(0.695*T(i)))+ 
 11.0*exp(10956.947/(0.695*T(i)))+3.0*exp(11142.784/(0.695*T(i)))+ 
 25.0*exp(11454.362/(0.695*T(i)))+7.0*exp(11858.498/(0.695*T(i)))+ 
 39.0*exp(12346.28/(0.695*T(i))) 
 !Partition function of ionic Mo 
 ZiMo(i)=6.0*exp(0.0)+2.0*exp(11783.36/(0.695*T(i)))+ 
 14.0*exp(12034.06/(0.695*T(i)))+6.0*exp(12417.28/(0.695*T(i)))+ 
 28.0*exp(12900.33/(0.695*T(i)))+10.0*exp(13460.7/(0.695*T(i))) 
 !Density of ionic Mo species 
 C1Mo(i)=2.0*2.41E21*(ZiMo(i)/ZAMo(i))*(T(i)**1.5)* 
 1exp(-7.0924/(8.615E-5*T(i))) 
  
 C2Mo(i)=7.34E27/(T(i)) 
  
 DiMo(i)=(sqrt(4.0*(C1Mo(i)**2.0)+(4.0*C1Mo(i)*C2Mo(i)))- 
 12.0*C1Mo(i))/2.0 
 !Density of atomic Mo species 
 DAMo(i)=(DiMo(i)*DiMo(i))/C1Mo(i) 
 !Total number density of Mo species in plasma 
 TNDMo(i)=2.0*DiMo(i)+DAMo(i) 
 
 !Partition function of atomic Ni 
 ZANi(i)=9.0*exp(0.0)+7.0*exp(1332.164/(0.695*T(i)))+ 
 15.0*exp(2216.550/(0.695*T(i)))+7.0*exp(204.787/(0.695*T(i)))+ 
 25.0*exp(879.816/(0.695*T(i)))+3.0*exp(1713.087/(0.695*T(i))) 
 !Partition function of ionic Ni 
 ZiNi(i)=6.0*exp(0.0)+4.0*exp(1506.94/(0.695*T(i)))+ 
 110.0*exp(8393.9/(0.695*T(i)))+8.0*exp(9330.04/(0.695*T(i)))+ 
 26.0*exp(10115.66/(0.695*T(i)))+4.0*exp(10663.89/(0.695*T(i))) 
 !Density of ionic Ni species 
 C1Ni(i)=2.0*2.41E21*(ZiNi(i)/ZANi(i))*(T(i)**1.5)* 
 1exp(-7.6398/(8.615E-5*T(i))) 
  
 C2Ni(i)=7.34E27/(T(i)) 
  
 DiNi(i)=(sqrt(4.0*(C1Ni(i)**2.0)+(4.0*C1Ni(i)*C2Ni(i)))- 
 12.0*C1Ni(i))/2.0 
 !Density of atomic Ni species 
 DANi(i)=(DiNi(i)*DiNi(i))/C1Ni(i) 
 !Total number density of Ni species in plasma 
 TNDNi(i)=2.0*DiNi(i)+DANi(i) 
 
 !Partition function of atomic Ar 
 ZAAr(i)=1.0*exp(0.0)+5.0*exp(93143.76/(0.695*T(i)))+ 
 13.0*exp(93750.5978/(0.695*T(i)))+1.0*exp(94553.6652/(0.695*T(i)))+ 
 23.0*exp(95399.8276/(0.695*T(i))) 
 !Partition function of ionic Ar 
 ZiAr(i)=4.0*exp(0.0)+2.0*exp(1431.5831/(0.695*T(i)))+ 
 12.0*exp(108721.53/(0.695*T(i)))+8.0*exp(132327.3621/(0.695*T(i)))+ 
 26.0*exp(132481.2071/(0.695*T(i)))+ 
     34.0*exp(132630.7281/(0.695*T(i)))+ 
     42.0*exp(132737.7041/(0.695*T(i))) 
 !Density of ionic Ar species 
 C1Ar(i)=2.0*2.41E21*(ZiAr(i)/ZAAr(i))*(T(i)**1.5)* 
 1exp(-15.7596/(8.615E-5*T(i))) 
  
 C2Ar(i)=7.34E27/(T(i)) 
  
 DiAr(i)=(sqrt(4.0*(C1Ar(i)**2.0)+(4.0*C1Ar(i)*C2Ar(i)))- 
 12.0*C1Ar(i))/2.0 



 209

 !Density of atomic Ar species 
 DAAr(i)=(DiAr(i)*DiAr(i))/C1Ar(i) 
 !Total number density of Ar species in plasma 
 TNDAr(i)=2.0*DiAr(i)+DAAr(i) 
 
 
 !Partition function of atomic Cr 
 ZACr(i)=7.0*exp(0.0)+18*exp(17282.0/(0.695*T(i)))+ 
 15.0*exp(7593.16/(0.695*T(i)))+1.0*exp(7750.78/(0.695*T(i)))+ 
 23.0*exp(7810.82/(0.695*T(i)))+5.0*exp(7927.47/(0.695*T(i)))+ 
 37.0*exp(8095.21/(0.695*T(i)))+9.0*exp(8307.57/(0.695*T(i))) 
 !Partition function of ionic Cr 
 ZiCr(i)=6.0*exp(0.0)+2.0*exp(11961.81/(0.695*T(i)))+ 
 14.0*exp(12032.58/(0.695*T(i)))+6.0*exp(12147.82/(0.695*T(i)))+ 
 28.0*exp(12303.86/(0.695*T(i)))+10.0*exp(12496.44/(0.695*T(i))) 
 !Density of ionic Cr species 
 C1Cr(i)=2.0*2.41E21*(ZiCr(i)/ZACr(i))*(T(i)**1.5)* 
 1exp(-6.7665/(8.615E-5*T(i))) 
       
 C2Cr(i)=7.34E27/(T(i)) 
  
 DiCr(i)=(sqrt(4.0*(C1Cr(i)**2.0)+(4.0*C1Cr(i)*C2Cr(i)))- 
 12.0*C1Cr(i))/2.0 
 !Density of atomic Cr species 
 DACr(i)=(DiCr(i)*DiCr(i))/C1Cr(i) 
 !Total number density of Cr species in plasma 
 TNDCr(i)=2.0*DiCr(i)+DACr(i) 
  
 open(unit=20,file='OutputDensityMn.txt') 
 open(unit=21,file='OutputDensityFe.txt') 
 open(unit=22,file='OutputDensityMo.txt') 
 open(unit=23,file='OutputDensityNi.txt') 
 open(unit=24,file='OutputDensityAr.txt') 
 open(unit=25,file='OutputDensityCr.txt') 
 write(20,1012)x(i),T(i),ZAMn(i),ZiMn(i),DAMn(i),DiMn(i),TNDMn(i) 
 write(21,1012)x(i),T(i),ZAFe(i),ZiFe(i),DAFe(i),DiFe(i),TNDFe(i) 
 write(22,1012)x(i),T(i),ZAMo(i),ZiMo(i),DAMo(i),DiMo(i),TNDMo(i) 
 write(23,1012)x(i),T(i),ZANi(i),ZiNi(i),DANi(i),DiNi(i),TNDNi(i) 
 write(24,1012)x(i),T(i),ZAAr(i),ZiAr(i),DAAr(i),DiAr(i),TNDAr(i) 
 write(25,1012)x(i),T(i),ZACr(i),ZiCr(i),DACr(i),DiCr(i),TNDCr(i) 
1012 format(7(E14.5,1x)) 
 enddo 
 close(20) 
 close(21) 
 close(22) 
 close(23) 
 close(24) 
 close(25) 
 close(10) 
 endif 
 end 
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