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ABSTRACT 

In recent years there has been a significant growth in the use of the automated and/or 

robotic welding system, carried out as a means of improving productivity and quality, 

reducing product costs and removing the operator from tedious and potentially 

hazardous environments. One of the major difficulties with the automated and/or 

robotic welding process is the inherent lack of mathematical models for determination 

of suitable welding process parameters. Developing these models is difficult because 

welding process parameters can affect not only weld bead geometry but also weld pool 

formation. Therefore, the aim of this research is to develop mathematical models to 

predict welding process parameters, to obtain the required weld bead geometry and to 

study the effects of weld process parameters on weld bead dimensions for the Gas 

Metal Arc Welding ( G M A W ) process. 

In this study, the mathematical models for presenting the interrelationship between the 

welding process parameters and weld bead geometry were proposed. The effects of 

weld process parameters on weld bead profile were investigated through the empirical 

and theoretical mathematical models in weld pools. And finally, an infrared camera 

was employed to monitor the weld bead geometry. A relationship between the weld 

bead geometry and the surface temperature distribution was also established. A n 

image analysis technique was employed to quantify the changes in the surface 

temperature distribution of the workpiece being welded. Using the infrared camera in 

conjunction with this image technique was shown to be one of the most sophisticated 

techniques to monitor perturbations occurred during welding. 

Partial-penetration, single-pass, bead-on-plate welds were fabricated in 12 mm AS 

1204 mild steel flats employing five different welding process parameters. The 

experimental results were used to develop three empirical equations: curvilinear; 
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polynomial; and linear equations. The results were also employed to find the best 

mathematical equation under eleven weld bead dimensions to assist in the procedure 

optimisation and the process control algorithms for the G M A W process and to 

correlate welding process parameters with weld bead geometry of bead-on-plates 

deposited. With the help of a standard statistical package program, SAS, using an 

IBM-compatible PC, multiple regression analysis was undertaken for investigating 

and modelling the G M A W process, and significance test techniques were applied for 

the interpretation of the experimental data. 

A transient two-dimensional (2D) axisymmetric model was developed for 

investigating the heat and fluid flow in weld pools and determining weld bead 

geometry, velocity profile and temperature distribution for the G M A W process. The 

mathematical formulation considers four driving forces for weld pool convection: 

electromagnetic; buoyancy; surface tension; and plasma drag forces. The formulation 

also deals with the molten metal droplets. The equation was solved using a general 

thermofluid-mechanics computer program, P H O E N I C S code, which is based on the 

SIMPLE algorithm. 

The application of infrared thermography for the adaptive control of the GMAW 

process was studied. Welding process parameters were purposely varied and thermal 

response fluctuations were recorded. Infrared images were compared and contrasted 

with those extracted using machine vision. It was found that reasonable correlations 

exist between the two systems: infrared thermography and machine vision (as far as 

weld pool geometry interrogation is concerned). The technique developed can help to 

increase productivity and weld quality by minimising the amount of post process 

rework and inspection efforts otherwise needed. 
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CHAPTER 1 

INTRODUCTION 

1.1 MOTIVATION 

GMAW is generally accepted today as the preferred joining technique and 

commonly chosen for assembling most large metal structures such as bridges, 

automotive, aircraft, aerospace, shipbuilding and rolling stocks due to its joint 

strength, reliability, and low cost compared to other joint processes. The demand to 

increase productivity and quality, the shortage of skilled labour and strict health and 

safety requirements led to the development of the automated and/or robotic welding 

process to deal with many of the present problems of the welded fabrication 

[Hanright (1986)]61]. In the past decades, several effective and reliable welding 

processes have been developed into mechanised welding machines which included 

the power sources, wire feeders and welding control units. Robotic welders have 

replaced human welders in many welding applications, and reasonable seam tracking 

systems are commercially available, but fully adequate process control systems have 

not been developed due to a lack of reliable sensors and mathematical models that 

correlate welding process parameters to the weld bead geometry for the automated 

and/or robotic welding process. 
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To make effective use of the automated and/or robotic arc welding process, it is 

imperative that a mathematical model which can be programmed easily and fed to 

the robot, should be developed. It should give a high degree of confidence in 

predicting the weld bead dimensions and shape to accomplish the desired 

mechanical properties of the weldment. The mathematical model should also cover 

a wide range of material thicknesses and be applicable for all position welding. 

In GMAW, the welding process parameters are known to include arc current, 

polarity, welding voltage, welding speed, electrode extension, electrode orientation, 

weld joint position, wire diameter, shielding gas composition, gas flow rate, material 

composition and material thickness. The parameters are interdependent and the 

effect of one parameter might affect another. Relationships between welding 

process parameters and the weld bead geometry are generally complex and the 

required control system will be dependent on a realistic model of the welding 

process. The size and shape of weld bead geometry and occurrence of various weld 

defects such as cratering, incomplete penetration and lack of side wall fusion are 

affected by all of these parameters [Chandel and Bala (1986)22]. This research 

mainly concentrated on weld bead dimensions (see figure 4.2). The development of 

this model and the methodology for this derivation will play an important role in the 

development of the automated and/or robotic welding system. Various approaches 

have been developed to optimise welding procedures from mathematical models 

based on physical principles to empirical models based on experiments. But all of 

them have failed to provide a practical and universal methodology for industrial 

applications. 

An understanding of weld pool convection - which can strongly affect the various 

welding phenomena such as weld bead geometry, solidification model and 

microstructures, deformation and residual stress, and the gas porosity of the resultant 

weld bead - has been significant in recent years. Several mathematical models of 
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heat and mass transfer during G M A W processes [Tsao and W u (1988)184 and Kim 

and Na (1994)81] have been developed, but there exists no complete mathematical 

model due to a deficiency of detailed knowledge on actual welding phenomena, and 

physical and chemical properties over a wide range of temperatures. It is therefore 

necessary in the development of mathematical equations for heat transfer and fluid 

flow in weld pools to correlate the welding process parameters and to understand the 

effects of input variables on process output parameters. 

A truly automated and/or robotic welding system should have three principal 

components: sensors which detect the condition of the welding process; a process 

model which provides the relationship between the welding process parameters and 

the welding bead geometry; and a control system which evaluates the sensor data 

and changes the welding process parameters using the relationship in the process 

model [Cook et al. 1989)39]. The recognition of process abnormalities during the 

automated and/or robotic welding process required the use of sensors. An accurate 

relationship between the sensed information and the welding process parameters 

must be presented for a control system to initiate a suitable corrective action. Many 

different sensing devices have been shown to provide successful monitoring of a 

variety of welding processes. Optical sensing techniques have displayed the ability 

to give detailed information on welding process parameters during the welding 

process. 

Infrared thermography has been employed to monitor weld quality and the bond 

strength of resistance welded electrical components in real-time. The employed 

system was integrated with a microprocessor which compared the measured data 

against stored models of acceptable weld thermal signatures. Information related to 

the tensile strength of the weld was correlated with temperature profiles and heat 

distribution areas. Infrared thermography was also employed to assess the integrity 

of critical fusion welds in the aircraft and petrochemical industries [Ramsey et al. 
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(1963)149, Lukens and Morris (1982) 1 0 9 and Chen and Yang (1985)25]. Even 

though inspection in all applications mentioned above is performed on-line using 

infrared thermography, the evaluation process is confined to real-time acceptance or 

rejection of the finished component. This study therefore attempts to fully automate 

the welding process using infrared thermography as a sensing technique for real-time 

process monitoring and adaptive process control. 

1.2 SCOPE OF THE RESEARCH WORK 

A major portion of this research work is dedicated to developing the empirical and 

theoretical models that determine interrelationships between welding process 

parameters and weld bead geometry for the development of the automated and/or 

robotic welding process. The research concentrates on the following aspects: 

1. Characterising the GMAW process and identifying the various problems that 

result from the GMAW process, and establishing guidelines and criteria for the 

most effective joint design. 

2. Comparison of the experimental results to outputs obtained using sets of the 

published theoretical and empirical formulae relating welding process 

parameters to weld bead geometry. This includes remodelling the empirical 

equations to better predict the output of the GMAW process and finding the 

best mathematical model for the relationship between welding process 

parameters and weld bead geometry for the GMAW process. 

3. Redefining the empirical equations that allow the selection of welding process 

parameters to be calculated from a desired weld bead size, using the theory of 

least squares. 

4. Developing the empirical mathematical models which study the influence 

of welding process parameters on weld bead geometry. These models will 

also aid the development of an optimal welding process and assist in the 
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generation of process control algorithms, using multiple regression analysis 

with the help of a standard statistical package program, SAS, on an IBM-

compatible PC. 

5. Development of the transient 2D mathematical model for weld pools 

incorporating all important physical phenomena that control the heat transfer 

and convective flow condition in weld pools. This model can be employed to 

investigate the heat transfer and the fluid flow in the GMAW process and to 

generate technical information that can be employed for weld and joint design 

using a general thermofluid-mechanics computer program, PHOENICS code, 

based on the SIMPLE algorithm and developed by CHAM Limited. 

6. Finding a relationship between welding process parameters and thermal image 

from infrared thermography, and obtaining the thermal profile characteristics. 

This also includes the calculation of weld bead geometry using image analysis 

techniques and the investigation of the interrelationship between the surface 

temperature distribution of the welded part and the weld bead width and weld 

bead height. 

1.3 THESIS ORGANIZATION 

The thesis is organised into 7 chapters, the outline of each chapter is given below. 

Chapter 1 highlights the motivation for and details the scope of the current research 

work. The outline of the thesis is also included. 

Chapter 2 presents a comprehensive literature review concerning all aspects of the 

fundamentals of the GMAW process, procedure optimisation for weld bead 

geometry, heat and fluid flow in weld pools, and sensing and adaptive control for the 

arc welding as well as a brief review of recent publications on analytical, 

computational and experimental techniques by different researchers. 
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Chapter 3 provides the investigation of the analytical and empirical formulae for 

understanding the relationship between welding process parameters and weld bead 

geometry. It also describes in detail the experimental procedure, compares 

theoretical with experimental results, remodels empirical equations, develops 

mathematical models, redefines mathematical equations and discusses the overall 

experimental results. 

Chapter 4 covers the detailed experimental results on the effects of five welding 

process parameters on the eleven weld bead dimensions (see page 82) in AS 1204 

mild steel flats adapting the bead-on-plate technique. It also presents empirical 

formulae which investigate the effects of welding process parameters on weld bead 

geometry. 

Chapter 5 presents a transient axisymmetric mathematical model for investigating 

coupled conduction and convection heat transfer problems for the GMAW process. 

It was employed to study the effects of four driving forces (electromagnetic, 

buoyancy, surface tension and plasma drag forces) and the molten metal droplets on 

weld pools. 

Chapter 6 concentrates on the application of infrared thermography in monitoring 

the automated and/or robotic arc welding process and its potential for weld 

penetration depth and seam tracking control. 

Chapter 7 contains the concluding remarks and summaries of the achievements 

obtained during the course of this research. Suggested future work is also included 

at the end of this chapter. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 INTRODUCTION 

Adaptive control in the automated and/or robotic welding is employed to monitor 

information about weld characteristics and welding process parameters and, to modify 

those parameters to hold weld quality within acceptable limits. Good quality of 

welding must have the characteristics of accurate positioning of weld pools and weld 

bead geometry. Typical characteristics are the weld bead geometry, composition, 

microstructure and appearance, while welding process parameters which govern the 

quality of the final weld, include arc current, welding voltage and welding speed. 

In this chapter, a comprehensive review of the literature covering the fundamentals of 

the G M A W process, procedure optimisation for weld bead geometry, heat and fluid 

flow in weld pools, and sensing and adaptive control for the arc welding is given. A 

brief discussion on recent publications on analytical, computational and experimental 

techniques by different researchers is also included. Every effort has been made to 

cite the most recent developments. 
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2.2 FUNDAMENTALS OF THE GMAW PROCESS 

2.2.1 Overview of the GMAW Process 

GMAW, one of the oldest and fastest growing metal joining processes, has been an 

important component in Australia's economy because of the progress made in welding 

equipment, electrodes and design. Applications of the GMAW have ranged from 

joining thin section pipelines to assembling large metal structures such as pressure 

vessels, bridges, cars, trains and nuclear reactors [Heiple and Roper (1990)67]. 

The GMAW process, sometimes called Metal Inert Gas (MIG) welding, is a welding 

process which yields coalescence of metals by heating with a welding arc between a 

continuous filler metal (consumable) electrode and the workpiece. The continuous 

wire electrode which is drawn from a reel by an automatic wire feeder, and then fed 

through the contact tip inside the welding torch, is melted by the internal resistive 

power and heat transferred from the welding arc. Heat is concentrated by the welding 

arc from the end of the melting electrode to molten weld pools and by the molten metal 

which is being transferred to weld pools. Molten weld pools and electrode wire are 

protected from contaminants in the atmosphere by a shielding gas obtained from an 

externally supplied Ar, CO2, or mixtures Ar with O2, H2, He, or CO2 in various 

combinations. A controller is used to control wire feed rate, arc current and welding 

voltage. In some cases, it is also employed to control the gas flow rate [Brien 

(1990)12]. 

There are two ways that the molten metal of electrode wire may be moved to the 

workpiece. The first detaches from the electrode wire, accelerates through the welding 

arc and subsequently collides with the workpiece. The second is transferred when the 

electrode makes electrical contact with molten weld pools. Metal transfer is normally 

classified into three modes: short-circuiting; globular; and spray metal transfers, each 
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of these has its own scope of welding voltage, arc current, deposition rate, welding 

speed, applicable welding positions and manipulation techniques [Liu et al. 

(1989)105]. The mode of metal transfer also affects the welding process such as fume 

rate, arc stability, bead form, wetting angle and spatter. 

Short-circuiting metal transfer at lower values of current (<200 A) puts together a 

small fast-freezing weld pool that is mostly suited for thin sections, out-of-position 

welding and bridging large root openings. Metal is transferred from the electrode to 

the workpiece only during a period when the electrode is in contact with weld pools. 

No metal is transposed across the arc gap. 

At higher currents (200 to 250 A) globular metal transfer with a positive electrode 

(DCEP) occurs when droplets do not detach themselves from the electrode until their 

diameter is greater than that of the electrode. Globules are detached with the 

mechanical forces exerted by the jet stream, which in turn, is a product of the 

interaction of electromagnetic force on the electrode tip and the arc plasma. One 

component of the resultant force at the electrode tip squeezes the molten portion of the 

electrode and another lowers acceleration and as a result, less penetration is obtained. 

Spray metal transfer with the currents (>250 A) above a critical value called the 

transition current and a positive electrode (DCEP) takes place when the molten 

electrode droplets are smaller or equal to the electrode diameter. These small droplets 

are easily accelerated toward the workpiece by the same mechanism of forces as in the 

case of globular metal transfer. Due to the inertxharacteristics of the argon shield, the 

spray metal transfer can be employed to weld almost any metal or alloy. 

It is well known that the drop formation and detachment is largely due to the balance 

of the four forces applied on the liquid tip. These are the forces due to surface 

tension, gravitation, magnetic pinch and plasma drag [Lancaster (1984)97]. 
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Theoretical predictions of metal transfer achieved the limited success. The pinch 

instability theory provides a possible mechanism to explain metal transfer for currents 

above the threshold for spray transfer. It is based on the principle that the electrode 

has a cylindrical liquid tip before the droplet detaches. The static force balance theory 

assumes that retaining surface tension force is in balance with the detaching forces, 

which is the sum of the forces due to gravity, magnetic pinch and plasma drag, just 

before the detachment. This theory can predict the trend of metal transfer in the 

globular and spray transfer modes as tapering is allowed for, while a generally larger 

size is predicted comparing with experimental results. However, none of the existing 

theories can satisfactorily explain the metal transfer process in GMAW, and further 

improvement of metal transfer theory is necessary. 

2.2.2 Automatic Versus Automated Welding 

Welding automation reduces manpower requirements, producing consistent uniform 

welds, maintaining production schedules and decreasing the cost of parts welded. The 

major disadvantages are however the high initial cost of the welding machine involved 

and the need to keep automatic equipment occupied continuously [Mckee (1982)121]. 

Automatic and automated welding have many similarities, but there are major 

differences [Cary (1979)19]. Automatic welding involves carefully the dedicated 

fixating with tooling, work holding devices and accurate part location and orientation. 

It also requires detailed welding arc movement devices with predetermined sequences 

of welding process parameter changes and the use of limit switches or timers to form 

the weld joints. The automatic welding is currently employed in high volume 

production industries where the cost of equipment is justified by the large number of 

pieces to be made. The automated welding provides the same time saving and 

precision welding, yet it can only be applied to small-lot production and to production 
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of a single part. Furthermore, it has quick change capability and can adapt products 

without the necessity of redesigning and reworking the expensive fixtures. 

The arc motion device is capable of moving in three directions; longitudinal, transverse 

and vertical. Extra welding positions can be obtained by mounting the workpiece on a 

positioner that rotates and tilts (if required). Full control is then achieved when the arc 

travel in all directions is accomplished within the range of the equipment and, 

adjustments to the welding process parameters are made during welding process. 

Process control is available for each part, and is employed for correctly welding the 

part. It only demands a positive locating point to align the robot welding torch with 

the part being welded and then utilising a microcomputer/controller to program it 

accordingly. A computer controller is employed to change welding process parameters 

during the welding operations if required [Cook (1981)37] 

2.2.3 Requirement of the Automated and/or Robotic Welding System 

The automated and/or robotic welding system is capable of manipulating either or both 

the torch and the workpiece to achieve a satisfactory weld. The mechanical structure 

of the robot which manipulates the torch must have the necessary working volume 

mobility to access all the weld points without colliding with the workpiece while 

maintaining the appropriate attitude of the torch relative to the seam. The manipulator 

must also be suitable for carrying out weave patterns and meeting various demands 

such as positional accuracy, repetability and travel speed [Miller (1987)123]. Jigs and 

fixtures should be controlled so that a wide range of parts can be accommodated with 

minimum set-up and change-over time. Nevertheless, even if the manipulator 

positioning system is pre-programmed for the weld sequence, and one has the 

completed fixtures which would ensure repetability of component placement, 

satisfactory and adequate welding would not be secured because the workpiece and 
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dimensional tolerance variations are prerequisite in the welding [Marburger 

(1990)113]. 

An automated and/or robotic welding system, capable of detecting and making up for 

such variations in the working surroundings, must consider joint tracking and welding 

sensing. Welding quality can be achieved by the meeting of the quality requirements 

such as welding bead geometry and porosity inclusions, and controlled by sensing 

either directly or indirectly the various welding process variables involved in the 

process. 

Welding process parameters for the arc welding should be well established and 

categorised for the automated and/or robotic welding system. Electrode type and 

shielding methods are usually the basic considerations, and are dictated by the required 

weldment mechanical properties. Electrode size is related to weld joint geometry, the 

arc current is recommended for a particular job and the number of passes. Electrode 

polarity is initially established and based on whether m a x i m u m penetration or 

m a x i m u m deposition rate is required [Jackon (I960)73]. Weld pool shape and 

magnitudes depend on the heat input involved which in turn, relies upon welding 

process parameters. Arc current and welding speed dominate the weld bead 

penetration for single pass welds . The selection of arc current and welding speed are 

based on electrode size. Furthermore, welding voltage dominates the weld bead width 

and has an influence on the weld bead penetration since it controls the arc shape [Apps 

et al. (1963)6]. 

It can be clearly evident that the close control of the above mentioned interrelated 

welding process parameters should be applied for a form of monitoring and feedback 

into the process in order to achieve a full automation of welding. 
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2.3 PROCEDURE OPTIMISATION FOR WELD BEAD GEOMETRY 

2.3.1 Overview of the Procedure Optimisation 

With the advance of the automated and/or robotic welding process, procedure 

optimisation which selects the welding procedure and predicts weld bead geometry 

that will be deposited is increased. A major concern involving procedure optimisation 

should define a welding procedure which can be shown to be the best with respect to 

some standard and chosen combination of welding process parameters which give an 

acceptable balance between production rate and the scope of defects for a given 

situation [Mcglone (1982)120]. 

Typical welding procedures can be established by making a record of all the variables, 

defining a critical range, and specifying desired parameter values. In general, it will 

be classified into three categories [Gary (1979)19]; 

(1) A written description. 

(2) A drawings of the weld joint design and the conditions for making each pass 

or bead. 

(3) A record of the test results of the resulting weld. 

Weld bead geometry depends on the amount and distribution of the input energy on 

the workpiece surface [Heiple and Roper (1990)67]. In the GMAW process, heat and 

mass inputs are coupled and offered by the welding arc to weld pools and by the 

molten metal which is being transferred to weld pools. The amount and distribution of 

the input energy are basically controlled by the distinct and cautious choice of welding 

process parameters to achieve the optimal weld bead geometry and the desired 

mechanical properties of the weldment. 
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2.3.2 Welding Process Parameters and Weld Bead Geometry 

The factors which could be considered procedure optimisation are the equipment and 

labour availability, machine shop capability and workshop loading, as well as the 

effect of procedure change on joint preparation, inspection techniques, metallurgical 

quality and mechanical properties. Drayton (1972)47 first identified twelve significant 

welding process parameters for Submerged Arc Welding (SAW) and classified them 

into four groups: preset; background; secondary; and primary variables. Preset 

variables decided in a early stage of the procedure development, may include material 

composition and thickness, weld type and weld properties. Background variables 

specified at the early stage of production, could contain the welding process, 

equipment type, consumable type and general edge preparation. Secondary variables 

cover the contact tip to the workpiece distance and electrode angle. Also, primary 

variables which usually have a major effect on the quality of the product and output 

rate, include welding speed, welding voltage and arc current. 

For synergic pulse MIG welding process, Kumar and Parmar (1986)96 put in two 

groups as follows; 

(1) Primary variables - pulse current, pulse time, wire feed rate, welding speed, 

feed wire diameter and shielding gas composition. 

(2) Secondary variables - background current level and time period, mean current, 

volt-ampere ratio, shielding gas flow rate, torch angle, electrode polarity, 

preheating condition, bum back, rise time, short circuit detect, inductance level, 

short-circuit current, arc length and electrode stickout. 

Typically, the weld process parameters for the GMAW process that affect weld bead 

geometry and overall weld quality have been classified into three categories: primary 

adjustable; second adjustable and preselected parameters [Hobart (1964)69]. Second 

adjustable and preselected parameters are considered to be fixed, whereas primary 
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adjustable parameters such as welding voltage, arc current and welding speed can be 

altered during the GMAW process. 

Primary adjustable parameters affect such output variables as welding bead geometry, 

deposition rate and weld soundness. The available parameters in this category will 

include welding voltage, arc current and welding speed. Second adjustable parameters 

are generally more difficult to measure, and do not directly affect weld bead geometry. 

Instead, these parameters generally cause a change in primary adjustable parameters 

based on a desired change in weld bead geometry. Variables in this category are 

covered wire stickout and nozzle angle. Preselected parameters are considered as 

factors which can only be changed in large intervals and are unfavourable as control. 

The parameters could also contain wire size, wire type, gas flow rate, materiel 

composition and material thickness. 

The weld bead geometry is obtained as a result of the solidification of the liquid pool. 

Weld bead dimensions are generally specified with the weld bead width at the level of 

the plate surface, the depth below the surface to which the bead has penetrated and the 

height of the reinforcement dimension [Jones (1976)76]. These quantities can not only 

determine the basic mechanical properties of the weld, but also ensure the basic stress 

handling capabilities of the joint. 

2.3.3 Research Efforts in Procedure Optimisation 

Table 2.1 (a) - (d) summarises some of the important developments for procedure 

optimisation. Many efforts have been made to understand and to assess the effects of 

welding process parameters on optimal weld bead geometry. 

An earlier attempt to procedure optimisation, called a tolerance box, was developed to 

preserve all the compiled information, to allow a rigorous determination of the effects 
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on the quality of any modification of the welding process parameters, and to offer a 

well-informed choice of the welding process parameters in terms of the constraints 

imposed by the production process [Jones (1976)76 and Chandel and Bala (1986)22]. 

Nevertheless, this approach required a large number of tests and was found to be 

impractical for process control purposes when dealing with more than three welding 

process parameters. 

b convexity, concavity 

h(j deposited metal height 

hf fused metal height 

Id deposited metal leg length 

If fused metal leg length 

l m leg length 

p penetration (pi, p2)] 

Figure 2.1 Definition of dimensions for MIG welding with flux cored wires 

[Doherty (1978)45]. 
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Such a work published before 1978 was summarised by Shinoda and Doherty 

(1978)163. McGlone (1978)117 and McGlone and Charwick (1978)118 reported the 

mathematical analysis of the relationship between arc welding variables and weld 

bead geometry for S A W of square edge close butts. The S A W variables in those 

studies included arc current, welding voltage, welding speed, bevel angle and 

electrode diameters. Similar mathematical relationship between arc welding variables 

and fillet weld geometry shown in figure 2.1 for the G M A W using flux-cored wire 

has also been reported [Doherty et al. (1978)45]. 

The situation has been altered recently with the advent of increasing computer 

efficiency and better understanding of the usefulness of statistically designed 

experimentation based on factorial techniques [Galopin and Boridy (1986)54] which 

can reduce cost and provide the required information about the main and the 

interaction effects on the response factors. Such techniques for establishing 

relationships between welding process parameters and weld bead geometry have been 

reported for the arc welding in order to accomplish control over arc behaviour for 

fully mechanised and automatic welding [McGlone (1980)119]. 

Raveendra and Parrnar (1987)150 presented a mathematical model for predicting weld 

bead geometry and shape for C O 2 shielded flux cored arc welding as functions of 

welding voltage, arc current, welding speed, nozzle to plate distance and gun angle 

by using fractional factorial techniques and a multiple regression technique. 

The experimental results have shown that a mathematical model can be an effective 

tool for prediction of weld bead geometry, and useful to predict the values of control 

variables for achieving a desired weld bead profile. Similar mathematical models 

relating welding process variables and weld bead geometry for the selection and 

control of the procedural variables have also been reported [Kumar and Parmar 

(1986) 9 6, Salter and Doherty (1981) 1 5 8, Thorn et al. (1982)178, Murti and 
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Sundaresan (1983)126, Quintino and Allum (1984)146, Allum and Quintino (1985)4, 

Chandel et al. (1987)23 and Pandey and Parmar (1989)138]. 

Chandel (1988)24 first apphed this technique to the GMAW process and investigated 

the relationship between process variables and weld bead geometry of bead-on-plate 

welds deposited by the G M A W process. These results showed that arc current has 

the greatest influence on weld bead geometry, and that mathematical models derived 

from experimental results can be used to predict weld bead geometry accurately. 

Also, Yang et al. (1992)190 carried out an experiment to determine the effects of the 

various process variables on the weld bead height for the S A W process. It was 

found that weld bead height is affected by the electrode polarity, electrode diameter, 

electrode extension, welding current, welding voltage and welding speed. A negative 

electrode polarity, a small electrode diameter, a large electrode extension, a high arc 

current or welding speed and a small welding voltage encourage a large weld bead 

height Regression equations were represented for computing weld bead height from 

the welding parameters, using both linear and curvilinear multiple regression analysis 

techniques. 

Recently, Liu et al. (1993)104 examined experimentally the weld abilities of AA 1100 

aluminium and AISI 409 stainless steel by the pulsed N d : Y A G laser welding 

process. The effects of N d : Y A G laser welding parameters (laser pulse time and 

power intensity) and material dependent variables (absorptivity and thermophysical 

properties) on laser spot-weld characteristics, such as weld diameter, penetration, 

melt rate, melting ratio, porosity and surface cratering have been studied. The 

experimental results showed that weld bead geometry was found to be influenced 

mostly by the power intensity of the laser beam and to lesser extent by the pulse 

duration. 
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Yang et al. (1993)191 first extended their study to the weld deposit area and presented 

the effects of electrode polarity, extension, electrode diameter, arc current, welding 

voltage, travel speed, power source characteristics and flux basicity on the weld 

deposit area. The results of their experiment indicated that a small-diameter electrode, 

long electrode extension, low voltage and high welding speed produce a large deposit 

area, whereas the power source and flux type do not seem to have any significant 

effect on the weld deposit area. 

2.4 HEAT AND FLUID FLOW IN WELD POOLS 

Over the last few years, there has been a growing interest in quantitative representation 

of heat transfer and fluid flow phenomena in weld pools in order to relate the 

processing conditions to the quality of the weldment produced and to use this 

information for the optimisation and robotization of the welding process [Szekely 

(1989)171]. Normally, a theoretical model offers a powerful alternative to check out 

the physical concepts of the welding process, to estimate the important input 

parameters and to finally calculate the effects of varying any of the parameters. It is 

inevitable to the development of mathematical equations for heat transfer and fluid 

flow in weld pools to correlate the mechanical properties of the final welded structure 

to the welding process parameters and to understand the effects of welding process 

variables on weld bead geometry. 

2.4.1 The Principle Driving Forces 

Generally, the arc welding process is very complicated due to not only the steep 

changes in the physical, chemical and mechanical properties, but also phase changes in 

a small weld pool region. A detailed knowledge of the temperature field and thermally 

induced flow in weld pools is important to understand the phenomena and to develop 
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the improved welding techniques. Therefore, the effort of developing a theoretical 

model is very valuable and necessary work. 

A number of studies [Heiple and Roper (1981)65, Oreper et al. (1983)133, Lin and 

Eagar (1986)103 and Kou and Wang (1986)85] have represented that weld pool 

convection, defining the heat transfer and position of isotherms within the molten 

metal, can strongly affect the structure and properties of the resultant weld as well as 

the determination of weld pool dimensions and its associated solidification 

phenomena. The characteristics of weld pools affected include surface smoothness, 

weld pool dimensions, fume formation, macro-segregation, grain structure and gas 

porosity of weld bead geometry. A complete understanding of weld characteristics 

caused by heat transfer and fluid flow is essential to welding technology [Lancaster 

(1984)97]. 

(a) Electromagnetic force (b) Buoyancy force 

(c) Surface tension (d) Plasma drag force 

Figure 2.2 Schematic flow profile produced by the four driving forces in weld pools. 

OO 
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To develop a theoretical model of heat transfer and fluid flow in weld pools, one of the 

most important things is to carefully examine what kind of forces are related to fluid 

flow in a puddle. The principal driving forces controlling weld pool convection have 

been identified as electromagnetic, buoyancy, surface tension and plasma drag forces 

[Oreper and Szekely (1984)134]. The former two forces are body forces which act 

inside weld pools, while the latter two forces are shear stresses which react on the 

weld pool surface. Each of these forces yields a different degree of convection and at 

different locations in weld pools, thus resulting in different weld bead dimensions. 

Electromagnetic force is caused by the interaction between the divergent current flux 

from the electrode and magnetic field induced within the molten metal. Figure 2.2 (a) 

shows the flow pattern due to electromagnetic force (J x B) which is the Lorentz body 

force. 

Buoyancy force shown in figure 2.2 (b) is caused by the temperature dependence of 

density. The lighter liquid temperature region will ascend, but the heavier liquid at the 

low temperature region will submerge as weld pools are formed by the welding arc. 

The effect of buoyancy can be included as a distributed body force depending on 

temperature by means of the well known Boussinesq approximation. 

The surface tension force is caused by the gradient of surface tension on weld pools 

due to the temperature distribution. Depending on the welding conditions and 

presence of impurities, the surface tension force may be inwardly or outwardly 

directed [Walsh and Savage (1982)186]. The flow pattern driven by surface tension 

force is schematically shown in figure 2.2 (c). 

Plasma drag force is caused by the plasma jet or gas generated by decomposition of 

electrode coating [Kim and N a (1992)82]. The flow pattern driven by plasma drag 
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force is schematically presented in figure 2.2 (d). In summary, the principle driving 

forces can affect the flow field and thus weld bead geometry. It seems evident that the 

mathematical model, which is capable of accurate prediction of the effects of various 

welding parameters on welding bead dimensions, would be valuable for the 

development of welding procedures for automated and/or robotic applications. 

2.4.2 Difficulties in Weld Pool Experiments 

Generally experimental measurements of flow velocity and temperature distribution in 

the small, intensely heated weld pool are extremely difficult and complicated due to the 

presence of the welding arc over the weld surface. Also, the interactive nature of the 

entire welding process makes it difficult to determine the relative importance of each 

input parameter in affecting weld quality and productivity. 

Studies of weld pools normally include surface temperature measurement [Schauer et 

al. (1978)161, Geidt et al. (1984)55, Tsai et al. (1991)180 and Kraus (1989)93], 

surface profile shape and pressure [Lin and Eagar (1985)101], and arc force [Burleigh 

and Eagar (1983)15 and Lin and Eagar (1986)103]. Apart from the studies of Kraus 

(1988)92 which employed an optical spectral radiometric/laser reflectance method for 

high resolution of weld pool surface temperature measurements, most of the 

measurements entail a high degree of uncertainty because of the difficult and tedious 

experimental work involved in observing the welding process. Even if the 

experimental research involves substantial trials and errors to get a reproducible 

results, useful insights and trends can be obtained from such experimental studies. 

However, theoretical studies based on mathematical models provide an opportunity to 

study the significance of heat and fluid flow as well as to understand the complex 

phenomena that occurred during the welding. The fundamental understanding of the 

interactive nature of welding process parameters can be established through methodical 
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and parametric analyses of the various driving forces over a range of welding 

conditions. 

2.4.3 Research Efforts in Weld Pools 

Table 2.2 (a) - (f) presents primarily the state of modelling efforts for weld pools and 

emphasises the advances made rather than discusses the merits and demerits of each 

case. A discussion of the overall direction performed by a number of researchers will 

also be given. Attempts at the mathematical representation of transport phenomena in 

the welding process date back to the 1940s. Solutions to the heat conduction equation 

could be found in the classical works of Rosenthal (1941)156, Wells (1952)188, Grosh 

and Trabant (1956)60, Rykalin et al. (I960)157 and Christensen et al. (1965)36, and to 

large extent in Carslaw and Jaegar (1959)18' 

The advent of the computer age allowed the gradual introduction of numerical 

techniques for the welding process. The initial efforts, up to the early 1980s involved 

heat conduction studies, which provided a significantly improved insight into the 

transient temperature distributions in weldment [Myers et al. (1967)127, Pavelic et al. 

(1969)145, Hibbit and Marcal (1973)68, Paley and Hibbert (1975)137, Friedman 

(1978)53 and Krutz and Segerlind (1978)94]. Lancaster (1984)97 has a very good 

collection of welding pool modelling papers prior to 1980 which discuss some of the 

analytical solution of both linear and non-linear momentum equations from 1934. 

Pavelic et al. (1969)145 showed that their mathematical model provided good 

predictions of the peak temperatures in the Heat Affected Zone (HAZ) within 1 0 % of 

experimentally measured values. Weld pool width and length predicted by line source 

theory also plot parallel to the experimental results even if it did not exactly agree with 

experimental data. 
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However, since conduction and convection heat flow in weld pools can have a 

marked effect in determining the quality and productivity of resultant welds, the 

quantitative representation of heat transfer and fluid flow phenomena in weld pools is 

of considerable interest. W o o d s and Milner (1971) 1 8 9 demonstrated that the 

electromagnetic force in arc welding was caused the fluid flow which boosts the 

mixing of weld pools. By the late 1970s, it was understood that convective flow was 

due to primarily electromagnetic force. In the early 1980s, researchers [Heiple and 

Roper (1981)65 and Oreper and Szekely (1984)134] showed that surface tension has 

an important effect on weld pool geometry. Heiple and Roper (1981)65 carried out a 

series of experimental studies on minor element effects on the depth of penetration of 

stainless steel during the Gas Tungsten Arc Welding ( G T A W ) process and insisted 

that the surface active elements significantly changed the temperature coefficient of 

surface tension from negative to positive which resulted in enlarging the depth of 

penetration. 

As experimental research into the heat transfer and fluid flow in weld pools is limited 

to the measurement of the surface velocity during the actual welding process, 

mathematical modelling has become an essential and practical tool for the analysis of 

the whole process that occurs during the arc welding. This modelling was pioneered 

by Sozou and Pickering (1976)169, Andrews and Crane (1978)5 and Atthey (1980)7. 

Furthermore, Oreper, et at. (1983)133 calculated the steady-fluid flow in weld pools 

of a prescribed shape caused by the combined action of surface tension, 

electromagnetic and buoyancy forces. The accuracy of the numerical techniques and 

the solutions were not discussed. Chan et al. (1984)20 developed a 2 D fluid flow 

model for weld pools for laser welding. They carried out a parametric study for 

various materials and a variety of operating conditions. Kou and W a n g (1986)85 

presented the results of a quasi-steady, three-dimensional (3D) computer model for 

the fluid flow and heat transfer conditions in weld pools for the G T A W process. 
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Generally, the weld pool convection is driven by four distinct driving forces viz. 

buoyancy, electromagnetic, surface tension and plasma drag forces [Oreper and 

Szekely (1984)134]. However, a number of previous researchers considered only the 

first three forces, but the plasma drag force was not included as a driving force for 

mathematical models [Oreper et al. (1983)133, Yokoya and Matsunawa (1983)192, 

Kou and Le (1983)83, Chan et al. (1986)21, Zachria et al. (1988)193, Thompson and 

Szelely (1989)177, Mclay and Carey (1989)122, Matsunawa and Yokoya (1989)115, 

Mahin et al. (1986) 1 1 0 and Tsai and Kou (1990)182]. Recently, Kim and N a 

(1992)82 an£j choo et al. (1992)
35 developed the mathematical model of the G T A W , 

not the G M A W , which took account of the four driving forces of convection and 

calculated the effect of individual force. The computed results showed that the most 

important force was the electromagnetic force, and the plasma drag force which 

worked on the weld pool surface, increased in proportion to the increase of weld pool 

surface area. 

It is evident from table 2.2 (a) - (f) that there have been considerable advances in 

modelling the heat transfer and fluid flow in weld pools. Currently, the 2 D and 3D 

modelling of spot and moving welds are possible. The results of these modelling 

studies have given useful insights into the nature of convective flow in weld pools. 

Even if the situation has greatly altered with the advent of increasing computer 

efficiency and better understanding of the physics of welding, only two papers were 

found as showed by Tsao and W u (1988)184 and Kim and N a (1994)81. Tsao and 

W u (1988)184 first presented a mathematical model employing the vorticity stream 

function and implicit finite difference method, but ignored the flow induced by the 

droplet surface interactions and arbitrarily fixed the parameters of volumetric heat 

source. K i m and N a (1994)81 developed 3 D convection model for calculating the 

weld bead shape, velocity field and temperature distribution by employing a 
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boundary-fitted coordinate system. The heat source corresponding to the metal 

transfer was not discussed in detail. 

In GMAW processes that the welding electrode is melted and the molten metal is 

transferred to the work piece, the interaction of the molten metal droplets and the weld 

pool surface is an additional important means of generating fluid flow within weld 

pools. Essers and Walter (1981)48 measured the heat transferred to the workpiece by 

the arc and the heat contained in the transferring metal drops with a simple water-filled 

calorimeter and concluded that the metal transfer has an important effect on the 

welding bead width and penetration. Recently, Choo et al.(1992)30 have studied the 

interaction between the molten metal droplets and weld pools with a flow visualisation 

technique and have shown that the dominant force which controls both the direction 

and intensity of the pool circulation is Marangoni flow due to the surface tension 

differences between the molten metal droplets and weld pools. This results contradicts 

the previous model [Tsao and W u (1988)184] which treated the droplets purely as heat 

and momentum sources, but not included the flow induced by the droplet surface 

interactions. 

The motivation for modelling the welding arc stems from the objective of providing 

boundary conditions for weld pools through fundamental transport equations. 

Normally, the welding arc has been modelled independent of weld pools and vice-

ver.se. In the case of welding arc modelling, the anode (workpiece) is assumed to be a 

planer, isothermal surface. O n the other hand, with the weld pool, some form of 

Gaussian heat and current flux distributions were permitted in certain studies, these do 

not include the active coupling of the welding arc. Such assumptions may be valid that 

the arc behaviour is not affected by surface shape changes. In addition, effect such as 

the arc length, gas mixtures, and tip angle cannot be modelled by these heat and 

current Gaussian sources which are usually functions of welding voltage, arc current 

and size of the plasma plume. Paul and Debroy (1988) 1 4 4 also considered similar 

http://ver.se
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effect in laser welding using a simple conduction model for the laser plasma plume. 

They strongly pointed to the importance of a dynamic coupling of the heat and current 

sources with the workpiece. 

Szekely (1989)171 recommended the coupling of the welding arc and weld pools. 

Although his paper did not actually perform the coupling studies, he reported the 

consistency of the welding arc model relative to the weld pool model and vice-versa. 

There are of course other advantages made in the numerical solution of the weld pool 

besides the free surface but these can generally be classified as further refinement of 

the mathematical model to simulate what are previously established. In fact, much of 

the published weld pool modelling results have similar content describing the 

importance of convective flows in weld pools. Recently, Choo et al. (1992)34"35 

presented the free surface temperature of G T A W pools by combing a mathematical 

model of the welding arc and weld pools. The computed results were quite 

instructive, because they provided some new, unavailable insights into weld pool 

behaviour. 

2.5 SENSING AND ADAPTIVE CONTROL FOR ARC WELDING 

2.5.1 Sensing for Arc Welding 

Since sensors have widely been employed in industries and engineering, the role of 

sensors has become more important with increasing demand for the automated and/or 

robotic welding systems where problem of a poor quality weld becomes apparent if the 

welding process parameters are not controlled. Sensors employed in the automated 

and/or robotic arc welding system must detect the changes in weld characteristics and 

produce the output that is in some way related to the change being detected [Hohn and 

Holmes (1986)70]. To be acceptable a weld must be positioned accurately with respect 
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to the joints, have good appearance, sufficient penetration and have low porosity and 

inclusion content 

During welding, the sensor is generally exposed to extreme heat, smoke, radiation, 

electrical noise, spatter and inertial force from the equipment to which it is attached, 

and detects work shape errors, setting errors, groove shape change, tack beads, 

welding heat distortion and jig error [Richardson (1986)153]. The requirements of a 

welding senor are normally universal, durable, reliable, compact, non-wearing and 

maintenance-free. There is today no welding sensor available that satisfies all of these 

demands because each sensor has a limitation either in its design or application to 

robots. This restriction may result in the need for more than one sensor in a totally 

automated and/or robotic arc welding system [Malin (1986)111]. 

2.5.2 Sensor Classification 

A sensor is a device that converts one type of physical quantity into another type, 

usually electrical quantity. Figure 2.3 illustrates the possibility of placing sensors in a 

welding system configuration. Point 1 can be named an input sensor. This sensor 

which primarily consists of electrical and flow rate monitors can be employed to 

monitor input conditions such as arc current, welding voltage and shielding gas flow 

rate. 

Point 2 can be labelled a direct sensor. This sensor is probably the most important 

sensor in the automatic and/or robotic welding system. The sensor will provide 

information for control of welding operations. Weld pool size, shape and temperature 

distribution are examples of characteristics that direct sensor would monitor. Also this 

sensor monitors the final stage in the process from which information can be fed back 

to compensate for variations. Typical sensors are acoustic, infrared, optical sensors 

and on-line radiography. Point 3 can be called an output sensor. This sensor 
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provides confirmation and a permanent record of the process controlled during the arc 

welding. 

Direct sensor 

Input sensor 

0 0 
Input 

WELDING SYSTEM 

Output sensor 

© 
Output 

Figure 2.3 Sensors in a welding system. 

There have been various techniques and sensors employed to control welding process. 

Sensors for adaptive control technologies can be classified with preview (optical, 

acoustic, ultrasonic and infrared sensing) and arc sensing, which are discussed below 

[Cook et al. (1989)39]. Table 2.3 shows applications, advantages and disadvantages 

of sensors used in arc welding. 

2.5.2.1 Optical Sensing 

Optical sensing technology has been employed and developed for a number of 

applications [Kraus (1988)92, Boillet et al. (1985)9, Hanright (1986)61, Gonseth and 

Blanc (1983)59, Agapakis et al. (1986)2 and Deam (1989)43], for example, joint 

tracking, penetration control, arc length sensing and control, electrode extension in the 

GMAW, weld bead profile control and detection of surface contaminants. The main 

advantages of the optical sensing are non-contact operation and the ability to gain 

information from the spatial and spectral features of the optical output. 
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The optical sensing system was first investigated by Boillet et al. (1985)9 for scanning 

the weld path. A fiber optic bundle was employed to transmit the infrared radiation 

from the surface in front of weld pools to the signal processing unit. The sensor head 

comprised a lens which produced an image of the fiber ends on the surface. This 

technique had an advantage over the infrared sensor since the lens itself was already in 

one unit with the torch, making it very versatile and requiring less working space. 

Kraus (1988)92 employed the optical spectral radiometric/laser reflectance method to 

measure the pool surface temperature of SS 304, SS 316L and 8630 in the stationary 

GTAW. 

One of the first real-time optical tracking systems was the coaxial viewing system 

which has been used for joint tracking and weld pool width control [Richardson et al. 

(1984)152]. In this technique, the image system is integrated into the welding torch. 

The point of welding is viewed coaxially with the welding electrode within the 

welding torch. Thus the bright core of the welding arc is blocked by the electrode 

/contact tip, and the entire weld area can be viewed without obstruction and distortion 

by the viewing angle. The system is non-intrusive and non-directional into the weld 

area. 

2.5.2.2 Acoustic Sensing 

There are various arc sounds which are characteristic of the different arc welding 

processes and standard procedures by which the arc sounds can be measured. A 

knowledge of the principles by which the welding arc produces the arc sounds, may 

enable researchers to control the sound levels. Various investigations have also been 

undertaken to correlate arc sounds to other welding characteristics. Most of these have 

attempted to correlate the Sound Pressure Level (SPL) to the arc characteristics such as 
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welding voltage, arc current and arc length [Roget et al. (1984)155, Manz (1981)112, 

Kaskinen and Mueller (1986)78, Lewis and Dixon (1985)100 and Jon (1985)75]. 

The acoustical emissions have been studied as a approach for real time location and 

characterisation of flow [Roget et al. (1984)155]. Also, the detection of the metal 

transfer mode and of the detachment of individual droplet have been employed for the 

automated and/or robotic welding process [Manz (1981)112]. The use of acoustical 

sensing for arc length control in the G T A W has been researched by Kaskinen and 

Mueller (1986)78. By pulsing the arc current at a rate to generate an audible tone at the 

welding arc, the intensity of the generated tone has been shown to be proportional to 

the arc length. This implies the availability of a feedback signal for arc length control. 

Lewis and Dixon (1985)100 also studied a method to use acoustical emission as a 

method to plasma monitoring in laser beam welding. Their experiments have been 

aimed at studying the interrelation between the incident laser light, the plasma 

formation and the target material during the pulse welding with a Nd: Y A G laser. A 

similar study was carried out by Jon (1985)75. 

2.5.2.3 Ultrasonic Sensing 

Ultrasonic sensing techniques which employed both longitudinal and shear waves, 

have been applied to detect weld pool dimensions during the welding [Lott (1984)106 

and Hardt and Katz (1984)62]. Lott (1984)106 developed a computer program to 

determine the source of the reflected signals and to calculate the effect of temperature 

gradient on the longitudinal ultrasound transmission near weld pools. The change in 

sound speed with temperature has two effects; 

(1) Calculating the distance to the interface producing the echoes. 

(2) Refracting of the sound waves in the large temperature gradient near weld 

pools where the sound speed changes rapidly [Carlson and Johnson (1988)16]. 
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The work was then extended developing a weld inspection system that employed 

ultrasound to detect discontinuity in a partially completed weld [Carlson et al. 

(1990)17]. The use of ultrasonic sensing for side wall penetration was reported by 

Carlson and Johnson (1988)16 and Siores (1988)165 w h o reported on the use of 

ultrasonics for real time monitoring and control during the S A W process. Fenn 

(1985)49 has also carried out the use of ultrasonic sensing during the arc welding. 

The use of ultrasonic sensing based on a shear wave technique has the potential to 

detect weld pool geometry in real time, and thus can be employed as a feedback signal 

for the control of uniform sidewall penetration. One problem which has been 

addressed by the researchers is that the use of piezoelectric transducers and couplant 

presents the potential for contamination of the weld by the coupling medium. To be 

useful in realistic production systems, a technique must be developed for introducing 

ultrasound and receiving it with non-contact sensors. 

Silk (1984)164 proposed the use of lasers for both the transmitting and receiving of 

ultrasound. To use lasers, a different mechanism must therefore be employed for 

detecting the ultrasonic energy. One of the most useful approaches to the detection of 

elastic waves is through the use of optical techniques specifically laser interferometry 

[Oreb (1990)132]. However, this type of highly sensitive ultrasonic reception 

technique in the welding environment is not viable. This approach has been reported 

by Carlson and Johnson (1988)16 who incorporated laser sound generation and an 

Electromagnetic Acoustic Transducer ( E M A T ) [Maxfield et al. (1987)116] for 

ultrasound reception. Also, Fortunko and Schramm (1982)50 studied the ability of 

E M A T s for ultrasonic non-destructive evaluation of butt welds. 
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2.5.2.4 Infrared Sensing 

Infrared sensing, inherent attraction for the welding process, has had successful 

applications for the automated and/or robotic weld control. Infrared thermography is 

capable of monitoring the plate temperature distribution, which provides information 

for seam tracking, identification of plate geometry faults, penetration control, 

contamination and microstructure formation. Typical output parameters which have 

been investigated are cooling rate, discontinuity sensing, weld depth of penetration, 

contamination, seam tracking and weld pool geometry. 

Ramsey et al. (1963)149 investigated infrared thermography as a means of monitoring 

radiation, which is a function of both temperature and emissivity on the surface of 

aluminium weldment in close proximity to the welding arc. Results showed that 

correlation exists between the signal output and the arc welding parameters relating the 

control of the weld quality with heat flow patterns in the plate being welded. Infrared 

thermography was also employed by Lukens and Morris (1982) 1 0 9 to evaluate the 

weld metal cooling rates and to correlate the infrared emission intensity measurements 

to temperature using embedded thermocouples. Experimental results showed that the 

infrared radiation from the welding arc did not interfere with weld metal cooling rate 

and that the surface emissivity of the material would have a considerable effect on 

temperature. 

Chin et al. (1983)28 used the infrared thermography for sensing the arc welding 

process and monitored temperature distribution of the weld pool surface in order to 

detect variations in the welded part. Measurements were taken to determine the effect 

of arc current on the temperature profiles. They concluded that decreasing the arc 

current by 1/3 from the value required for penetration led to a decrease by 1/4 in both 

penetration depth and radius of the measured isotherm on the surface. Chen and Chin 

(1990)26 related the surface temperature distribution to the depth of joint penetration 
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and weld bead width, then compared the metallographic measurement of depth of 

penetration and bead width with the area, magnitude and gradients of the thermal 

profile. 

Nagarajan et al. (1989)129 have reported on the application of infrared thermography 

to real time weld process monitoring. Seam tracking was obtained through using 

isotherm radii around the point of welding to identify the arc position relative to the 

joint. Weld depth of penetration control was obtained through monitoring the minor 

axis and ellipse isotherms which were shown to be the most sensitive variables to 

study the change due to variations into joint penetration depth and thickness of the 

plate being welded. 

2.5.2.5 Arc Sensing 

Arc sensing, also called through-the-arc sensing, is the most common model of the 

joint tracking system incorporated into commercial robotic welding systems. The 

technique makes use of the welding electrode as a sensor to gather information 

regarding welding voltage and arc current in the welding joint. In operation, the 

welding torch is oscillated across the joint, and current changes are sensed by the 

welding electrode at the joint side walls. Deviations in the current value are 

monitored, and feedback signals are sent to the robot controller. This feedback is 

essentially the method by which the welding torch is centred within the joint. To 

control the torch height above the joint, a preselected voltage which represents the 

desire welding electrode extension is programmed into the robot controller. Welding 

voltage measured at the welding electrode was fed back to adjust the torch height 

[Hanright (1986)61]. 
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Commercially available joint tracking systems of this type incorporate both joint 

guidance and height control [Agapakis et al. (1986)2]. These systems assure that the 

welding arc will stay in the root of the joint and maintain an optimum stand off 

distance. The systems are however limited by the quantity and quality of information 

that can be obtained from the arc signal [Richardson et al. (1984)152]. 

Remwick and Richardson (1983)151 employed arc sensing to sense the GTA pool 

motion and proposed the concept of using the weld pool motion as a weld bead 

geometry sensing technique. This concept is based on the fluid dynamics of the 

constrained weld pools, which depend on the properties of the molten pool material, 

the surface tension and the shape of weld pools [Hardt (1986)63]. Another application 

of arc sensing is the detection of the metal transfer in the G M A W . As the droplet 

transfer mode in the G M A W process has a great effect on weld pool metallurgy, depth 

of penetration and solidification, Johnson et al. (1989)74 has attempted to correlate 

perturbations in the electrical arc signals with droplet transfer in order to detect the 

detachment of individual droplet and to distinguish the three transfer modes. 

2.5.3 Adaptive Control 

2.5.3.1 Open Loop Automatic Arc Welding 

Manual arc welding process was automated in an attempt to gain high efficiency, high 

productivity and low cost. The first form of automation occurred in the United States 

during the 1920s. The automated welding system utilised complex jigging and 

mechanical devices to move the workpiece in relation to the stationary welding head in 

order to gain higher efficiencies and lower costs. This system was predominantly 

restricted to the welding of specific tasks; that is the welding machine was designed 

specifically for one type of manufactured item. Figure 2.4 depicts an early automatic 

arc welding system [Cary (1979)19]. 
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Figure 2.4 Typical early automatic arc welding system [Cary (1979)19]. 

In an effort to achieve greater flexibility, multiple axis manipulators were adapted at 

first by analog, and later by digital computers to perform the welding procedure. This 

development represented a significant improvement on the cumbersome early systems 

because setup times were reduced, more tasks could be performed, and routines could 

be stored for later use. However, as with the early systems, the later automated 

welding machines still relied on open loop control of the arc welding process. This is 

illustrated in figure 2.5. 

Operator set 
welding path & 
welding input 
parameters & 
initiates welding 

r Automated metal 
arc welding 
process produces 
weld 

v. 
Figure 2.5 Open loop control in the automated arc welding. 

It was still the operator's responsibility to select the automatic arc welder's torch path 

and welding process parameters such as welding voltage, gun travel speed and wire 
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feed rate. Algebraic models were developed in an attempt to predict the desired weld 

output parameters such as bead width and depth of penetration. However, these 

modelling systems were still dependent on the weldment being constant and did not 

compensate for irregularities in workpiece joint misalignment, workpiece edge 

distortion, or warp caused by the heat produced during the welding. 

To correct problems in an open loop system, it is necessary for the operator to either 

stop operation immediately or wait until completion of the weld being performed. In 

this way, the automated welding system is much less effective in controlling the laying 

of a weld than manual welding. Humans make use of their senses of sound and sight 

to gather welding information and after processing and interpretation, take the 

necessary corrective measures to ensure the weld is satisfactory. Kuhne et al. 

(1988)95 presented the manual arc welding control loop as depicted in figure 2.6. 

Figure 2.6 Manual arc welding control loop [Kuhne et al. (1988)95]. 

Automation without closed loop control processes the same components contained 

within the grey region of this figure, except that the manual welding equipment is 

replaced with automatic welding equipment. The operator must also utilise experience 
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or modelling to select the necessary input parameters to achieve the desired output 

parameters. As a result of these short-comings, much research and development work 

have concentrated on sensing and control methods to enhance the automated and/or 

robotic arc welding. 

2.5.3.2 Closed Loop Automatic Arc Welding 

With the combination of sensors and mathematical models, increased effectiveness in 

control of the automatic welding process was achieved. Through-the-arc sensing has 

been applied from width control and seam tracking [Cook (1983)38], to sensing of the 

G T A W weld pool motion [Remwick and Richardson (1983)151] and detection of the 

G M A W metal transfer models [Johnson et al. (1989)74]. Vision sensing has been 

utilised for joint tracking [Gonseth and Blanc (1983)59], weld bead profile sensing 

[Richardson (1986)153] and control of electrode extension [Salter and D e a m 

(1987)159]. Other forms of sensing include infrared which has been used in the 

estimation of penetration [Chen et al. (1989)27] as well as seam tracking [Nagarajan et 

al. (1989)128], and ultrasonic sensing which has been applied to weld bead monitoring 

and inspection [Hardt and Katz (1984)62]. 

Controlling the arc welding process requires a closed loop approach whereby sensed 

information is interpreted, and alteration is made to the process where necessary. 

Firstly, the system must receive the desired output parameters and then select the 

necessary welding process parameters based on these output parameters, next it must 

initiate welding and finally monitor the welding outputs to determine the success of the 

weld. Subsequently, based on this process monitoring, the model must be able to take 

positive action for any corrections needed. This closed loop approach is represented 

in figure 2.7. 
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Many analytical approaches to process modelling have been developed from heat 

transfer relationships [Cook (1981)37> Doumanidis et al. (1986)46 and Smartt 

(1990)167], but these are regarded by Cook et al. (1989)39 as being only reasonably 

accurate. Most practical models are developed statically or experimentally, and 

attempted to decouple the welding input parameters. However, decoupling of welding 

process parameters is extremely difficult since each parameter has at least some effect 

on the others. For instance, welding bead penetration may be able to be changed with 

a change in arc current level, but this may also induce unwanted changes in bead 

height or weld spatter. 

r Model determines 
welding inputs 

T 

Sensors relay 
output data to model 

V 

Data tran-sferred 
to robot controller & 
welding controller 

i 
Actual welding 
output produced 

Figure 2.7 Closed loop control for the automated arc welding. 

Most conventional real-time, closed loop controlled welding systems attempt to control 

major output parameters such as weld bead width. Hunter et al. (1988)72 not only 

employed logarithmic equations to model the GMAW parameters, but also adapted 

capacitive distance transducers for gun positioning and ultrasonic sensing to monitor 

wire stickout. Sensing information on stickout length was employed on-line as an 

input to change voltage, wire feed rate, gun travel speed and contact tip to work 

distance in an attempt to maintain a constant depth of penetration. Richardson et al. 

(1984)152 have been employed an optical sensor coaxially mounted with a GTAW 
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electrode to provide a pattern of reflected arc light for a computer algorithm to interpret 

joint width and location, and give successful joint tracking. 

Other closed loop system has been developed by Smartt et al. (1986)166 for real time 

control of reinforcement area and cooling rate. Doumanidis et al. (1986)46 have 

attempted to derive simple dynamic models in their attempt to control bead width, 

penetration, reinforcement area, heat affected zone width and rate of cooling at the 

centreline of the weld. Mathematical based control systems are not suited to truly real

time adaptive control because of their inability to isolate the process input parameters, 

thereby resulting in excessive processing times. These systems are not capable of 

taking account of heuristic's and the relative effect of each input parameter. 

Mathematical systems are also inflexible to changes in hardware due to their rigid 

control laws and consequently are unable to learn from successes and errors. 

However, it can only consider fuzzy logic or expert systems that are capable of a 

learning function. 
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CHAPTER 3 

RELATIONSHIPS BETWEEN WELDING 
PARAMETERS AND WELD BEAD 

GEOMETRY 

3.1 INTRODUCTION 

The GMAW process involves large number of interdependent variables which may 

affect product quality, productivity and cost effectiveness. The relationship between 

G M A W variables and weld bead geometry is complex because a number of welding 

process parameters are involved. Variables such as the capacity and type of 

equipment, material dimensions and composition may be relatively fixed, while 

primary adjustable variables which are characterised by welding voltage, arc current 

and welding speed may be altered during the welding process. 

To make the automated and/or robotic arc welding, it is essential that a mathematical 

model that predicts weld bead geometry and accomplishes the desired mechanical 

properties of the weldment is developed. The model should also cover a wide range 

of material thicknesses and be applicable for all welding position. For the automatic 

welding system, the data must be available in the form of mathematical equations. 

This chapter has been designed to investigate the analytical and empirical formulae for 

understanding the relationship between welding process parameters and weld bead 
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geometry. The primary purpose of this chapter is (1) to compare the experimental 

results to outputs obtained using sets of the published theoretical and empirical 

formulae relating input variables to output parameters, (2) to remodel the empirical 

equations in order to better predict the output of the G M A W process, (3) to develop 

empirical models for determining the relationship between G M A W variables and 

weld bead geometry, and (4) to finally redefine the mathematical equations, using the 

theory of least squares, that allow the selection of welding process parameters to be 

calculated from a desired weld bead size. 

The next section represents the experimental procedure including experimental 

design, welding equipment and welding procedure. This is followed by the detailed 

description of the experimental results, comparing between measured and calculated 

weld bead geometry, developing empirically mathematical models, redefining 

mathematical equations and an overall discussion of the experimental results. 

3.2 EXPERIMENTAL PROCEDURE 

3.2.1 Design of Experiments 

A number of problems related to the automated and/or robotic arc welding process 

include the modelling, sensing and control of the process. Statistically designed 

experiments that are based upon factorial techniques, reduce costs and give the 

required information about the main and interaction effects on the response factors. 

A m o n g the problems, the modelling of the process is very useful for the control and 

analysis of the process, and determination of the appropriate welding process 

parameters. 

Experiments were designed for developing empirically mathematical models to 

correlate independently controllable welding process parameters. The 3 n factorial 
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experiment was found to be efficient for studying the effects of two or more factors 

when the response is approximately linear over the range of the factor levels chosen 

[Montgomery (1984)124]. The 3 n experiment provides the smallest number of 

treatment combinations with which n factors can be studied in a complete factorial 

arrangement, and not only the main effect of a factor but also the interaction between 

the factors can be defined. 

In this chapter the results of the experiment were however employed only for fitting 

the response curve. The chosen factors were wire diameter, welding voltage, welding 

speed and arc current, and the response was weld bead width, height and penetration. 

Figure 3.1 illustrates a model of welding process with input and output variables of a 

G M A W process. 

INPUT VARIABLES O U T P U T VARIABLES 

Welding voltage 

Wire diameter 

Welding speed 

Arc current 

Weld bead width 

Weld bead height 

Weld bead penetratior 

Figure 3.1 Input and output variables of the G M A W process. 

In the 2 x 3 3 experiment to be considered the main and interaction effects, four 

variables, two or three levels, factorial design gave 2 x 3 3 = 54 weld runs for fitting 

each equation. The experimental levels and limits for four variables are given in 

Appendix A. For ease of recording and processing the experimental data, only one 

factor with two levels will be designed by the digits 0 (low) and 1 (high) respectively, 

while the three variables with three levels 0 (low), 1 (intermediate) and 2 (high). The 

design matrix and treatment combinations [Box et al. (1978)10, Davis (1978)42] are 
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similar to those shown in Appendix A. For example, weld run No. 1 in the design 

matrix and the treatment combinations was made under the welding conditions coded 

as 0,0,0,0, which means that the wire diameter, welding voltage, welding speed and 

arc current were 1.2mm, 20V, 250mm/min and 180 A respectively (see Appendix 

A). 

3.2.2 Welding Equipment 

Figure 3.2 Hitachi process robot manipulator. 

The welding facility at the Centre for Advanced Manufacturing and Industrial 

Automation (CAMIA) was chosen as the basis for the data collection and evaluation. 

The facility consists of a Lincoln GMAW unit which consists of a welding power 

source, a welder remote control unit and wire torch, and Hitachi process robot 

manipulator which included a robot control unit and a robot tech box. The torch 

positioning and motion control were achieved through monitoring the welding torch 
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to a Hitachi six axis robot (M6060II). This welding equipment is shown in figure 

3.2. 

3.2.3 Consumables and Materials 

The .selection of the electrode wire should be based principally upon matching the 

mechanical properties and physical characteristics of the base metal. Secondary 

consideration should be given to items such as the equipment to be used, the weld 

size and existing electrode inventory. 1.2 and 1.6 mm steel wire diameters were 

used. Typical composition of these diameters is shown in table 3.1. 

To achieve equilibrium during the GMAW process, two samples were taken for 

observation after discarding 50 mm on each side to eliminate the end effects. 

Welding was carried out on experimental plates of 200 x 75 x 12mm AS 1204 mild 

steel flats adopting a bead-on-plate technique. A chemical composition of the weld 

material is also shown in table 3.1. The required number of specimens were cut from 

12 mm mild steel plates. The oxide scale was removed before welding using a wire 

brush. 

3.2.4 Welding Procedure 

The welding procedure to model weld bead geometry using input weld conditions 

was performed as following; 

(1) The robot welder was taught a program path to lay out a weld. This path was 

illustrated in figure 3.3. 

(2) A 200 x 75 x 12mm mild steel as experimental test plate was located in the 

fixture jig. 
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(3) The required input weld conditions were manually attached to the particular 

weld steps in the robot path by using the robot's teach box. 

Appendix A shows the design matrix and treatment combinations used during 

the 2 x 3^ factorial welding experimental design. 

(4) With welder and argon shield gas turned on, the robot was initialised and 

welding was executed. 

(5) A new set of weld input parameters was reprogrammed for the next set of 

weld. 

(6) Welding was once again carried out. 

007 A 000 

PROGRAM SETUPS 

000 - Home position 
001 - Full swing in home position 
002 - Extend above job 
003 - Slowly down to weld 
004-End of weld 
005 - Move up 
006 - Retract 
007 - Return to home position 

Figure 3.3 Robot path design for experiment. 



Chapter 3 Relationships Between Welding Parameters and Weld Bead Geometry 59 

After 54 welds, the plates were cut using a power hacksaw and the end faces were 

machined. Specimen end faces were polished and etched using a 2.5% nital solution 

to reveal grain boundaries and to display the weld bead penetration. An image 

analysis package, Image Analyst, manufactured in the United States by Automatix 

Inc., was employed to accurately measure weld bead geometry [Automatix (1990)8]. 

Appendix A shows the results of the experiment for weld bead dimensions during the 

G M A W process. The results of the experiment were analysed on the basis of the 

relationship between the input and the output parameters for the G M A W process. 

Figure 3.4 defines the measurement of weld bead geometry studied. 

H 

W 

Sn^ i 

T 
W : Bead width 
H : Bead height 
P : Penetration 

Figure 3.4 Measurement of weld bead geometry. 

3.3 R E S U L T S A N D DISCUSSION 

3.3.1 Comparing Between Theoretical and Experimental Results 

Theoretical predictions of weld bead geometry can be predicted from conductive heat 

transfer studies. These assume that the weld completely penetrates the plate being 

welded and heat is conducted only in the plane of the plate. Roberts and Wells 

(1954)154 have estimated the weld bead width to be given by: 
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w=-L9.JL-iL_i». (3.,) 
2 S t l P C p T m 5 S 

The weld bead penetration was assumed to be equal to a weld bead half-width, a 

semicircular cross section. Values of the material parameters were assumed to be 

X = 0.091cm2/sec, p C p =4.5J/cm
3C, T m = 1 5 0 0 C , k = 0.41J/cm C sec. In 

G M A W , the rate of heat input to plate, is given by the product of £, V and J. Heat 

input efficiency for the G M A W process employed to weld steel plates is based on 

welding process parameters such as welding voltage, arc current, electrode extension 

and type of shielding gas. It was assumed to be 6 8 % for the comparisons made 

below. The experimental weld bead width was generally larger than the theoretical 

one, while the experimental weld bead penetration was usually smaller than the 

theoretical one. Linear regression analysis was used to compare the experimental with 

theoretical results for the 2D mathematical model. The results obtained are as follows: 

Wi = 8.63374 + 0.5494W (3.2) 

Pl = 0.8394 + 0.5527P (3.3) 

Table 3.2 shows the Standard Error of Estimate (SEE), coefficient of multiple 

correlation (R), and coefficient of determination (100 R 2) for the above described 

models accordingly. The values of coefficient of multiple correlation of these 

equations are 0.702 and 0.6035 respectively. It is noted from table 3.2 that the 

coefficient of multiple correlation for equation (3.2) is higher than those for equation 

(3.3). 
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Figure 3.5 Comparison of measured and calculated weld bead width. 

0 2 4 6 8 10 
Calculated weld bead penetration (mm) 

Figure 3.6 Comparison of measured and calculated weld bead penetration. 
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Table 3.2 Analysis of models using Roberts and Wells equation 

No. of equation 

Weld bead width 
Weld bead penetration 

Standard error of 
estimate 
0.50234 
0.34521 

Coefficient of 
multiple correlation 

0.7020 
0.6035 

Coefficient of 
determination 

0.6962 
0.5960 

The scatter graphs of measured and calculated values of weld bead geometry are 

illustrated in figures 3.5 and 3.6. The line of best fit for the plotted points was drawn 

using linear regression computation. From figures 3.5 and 3.6, it is found that 

equations (3.2) and (3.3) have an inclination to overestimate the weld bead 

penetration, whereas the weld bead width was overall slightly larger than the values 

obtained during experimentation. Christensen et al. (1965)36 have presented similar 

findings. Also, Friedman and Glickstein (1976)52 have analytically shown that a 

larger diameter heat source tends to increase weld bead width and decrease weld bead 

penetration in stationary G T A W . 

Christensen et al. (1965)36 have published theoretical non-dimensional graphs 

showing various weld bead dimensions versus "operating parameters", n, where 

n = /AjrVkT ' Their model is claimed for being suitable to all combinations of 

materials and welding conditions within the limitations and assumptions combined 

with the point source equation. The experimental results were plotted using the same 

non-dimensional parameters, and compared with the theoretical results obtained by 

Christensen et al. (1965)36, which assumed a three dimensional (3D) conductive heat 

transfer configuration. 

Figure 3.7 shows the non-dimensional weld bead width. Reasonable agreement 

between the experimental and the theoretical non-dimensional weld bead width is 

shown, even when the scatter about the theoretical results is considerable. 
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Figure 3.7 Non-dimensional weld bead measurements versus operating parameter 

(n) for weld bead width. 
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Figure 3.8 Non-dimensional weld bead measurements versus operating parameter 

(n) for weld bead penetration. 
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From figure 3.8, it appears that the theoretical equation overestimates the weld bead 

penetration, as has been noted by Roberts and Wells (1954)154 and thus, presented a 

considerable error (60.09% variance). 

In addition, it is quite evident from the above comparison that prediction of weld bead 

geometry with reasonable accuracy, based on various models, requires adjustments in 

order to achieve better agreement with experimental results. Since conductive, 

convective, radiative heat transfer and mass transfer in the G M A W process all take 

their toll, the development of an accurate analytical model can be complicated and 

perhaps inappropriate for either closed loop or adaptive control purposes. Instead, a 

regression model for weld bead geometry should be considered. 

The empirical equations reported by Chandel (1988)24 for the GMAW process were 

employed to predict weld bead geometry characteristics and presented as following: 

(D)0.567 (L)0.0106 (I)0.181 (V)0.86 x 

w - rr,r; , i - ( 1 0 ) 0 2 1 8 

rT vw w ~ H5) (L) 

( D ) 1 3 6 

X2.05 

,0.38 

(S)0.614 

(D1-2 

(v)0.69 (S)0.45 

v0.142 
V 

1 

' (10)1382 

1 
P " D0.86 L0.063 S0.53

 X ( I Q ) 4 0 3 (3'6) 

The welding process parameters used to produce the 54 weld runs for fitting each 

equation were input into the Chandel's equations to provide theoretical results for the 

weld bead width, height and penetration, accordingly. This allowed the accuracy of 

Chandel's equations to be validated using experimental findings extracted during the 

course of this study. 
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Figure 3.9 Comparison of measured and calculated weld bead width using Chandel's 

equations. 
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Figure 3.10 Comparison of measured and calculated weld bead height using 

Chandel's equations. 
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Figure 3.11 Comparison of measured and calculated weld bead penetration using 

Chandel's equations. 
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Figure 3.12 Accuracy analysis of Chandel's equations. 
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Results were plotted using a scatter graph for each weld bead width, height and 

penetration. Three graphs (figures 3.9 to 3.11) were produced for experimental 

versus theoretical results using Chandel's equations. The line of best fit for the plotted 

points was also drawn using regression computation. It is evident from these results 

that the model's accuracy is questionable and its universal applicability is limited. 

The method chosen for assessing the accuracy of the theoretical results considered the 

number of theoretical results that fell within a percentage error of all the experimental 

results. The calculation of accuracy of the theoretical results has been used as 

following: 

T1=
RT-RAxl0Q (37) 

RA 

It was decided to group these into seven categories: 0-5%; 5-10%; 10-20%; 20-30%; 

30-40%; 40-50% and over 5 0 % . The results of this analysis for the welding bead 

dimensions (weld bead width, height and penetration) are presented in figure 3.12. 

This analysis indicates that Chandel's equations produced better prediction of the weld 

bead width, and 11 of the total weld bead dimensions were over 50 % inaccurate. The 

conclusions from the results of this analysis for the experimental runs show that 

theoretical results m a y not predict the experimental values with any consistent 

accuracy. However, when these values were plotted as data points in a scatter graph, 

a definite correlation appeared. This means that the mathematical equations required 

remodelling to suit the G M A W process with argon shield gas, the wire material type 

and diameter used. 
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3.3.2 Remodelling Mathematical Equations 

The rationale to remodel the mathematical equations centres on the fact that the 

equations suggested by Doherty and McGlone (1977)44 and McGlone (1978)117 can 

be adjusted to suit a particular welding process. They can take the same form as the 

general straight line relationship. From the straight lines plotted using the original 

equations, the slope and the intercepts of these lines were measured and then fed into 

the original equations. The new equations, when plotted, produced straight lines 

which intersected the origin and lied at 45 degrees. Most important, the equations are 

capable of predicting experimental results with an improved accuracy. Using the 

general equation for a straight line, the modified Chandel equations were obtained as 

follows: 

W = (D0.567L0.0106j0.181y0.86s-0.614) x0.5707 +1.8946 (3.8) 

H = (D-1.36L0.38jl.2v-0.69s-O.45) x0.02127 +1.5926 (3.9) 

P = (D-0.86L-0.063j2.05 v-0.142s-0.53) X0.00005542 + 0.75715 (3.10) 

To evaluate the accuracy of the new equations and to observe the spread of the values, 

the results were again plotted using the scatter graph. These graphs of experimental 

versus theoretical values of weld bead geometry are presented in figures 3.13 to 3.15. 

As shown in figures 3.14 and 3.15, the weld bead height and penetration predictions 

of the modified Chandel equations produced data points located in a close proximity to 

the line of best fit. The results for weld bead width depicted in figure 3.13 however 

exhibited a degree of scatter believed to be due to the permissible amount of 

fluctuation in the welding speed and arc current recorded during the GMAW process. 

http://D0.567L0.0106j0.181y0.86s-0.614
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Figure 3.13 Comparison of measured and calculated weld bead width using the 

modified Chandel equations. 
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Figure 3.14 Comparison of measured and calculated weld bead height using the 

modified Chandel equations. 
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Figure 3.15 Comparison of measured and calculated weld bead penetration using the 

modified Chandel equations. 
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Figure 3.16 Accuracy analysis of the modified Chandel equations. 
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For assessing the accuracy of the theoretical results, the percentage error of each was 

again calculated and compared them to the experimental result. This analysis, 

presented in figure 3.16, exhibited a marked improvement in the percentage error 

when compared to the previous results produced to assess the accuracy of the original 

equations. It showed that the modified Chandel equations produced better predictions 

of weld bead width and penetration. The modified Chandel equations predicted 64 of 

the total weld bead dimensions to be within 0-5 % of the experimental results. 

3.3.3 Development of Mathematical Models 

In order to quantitatively evaluate the effects of welding process variables on weld 

bead geometry, the following adjusted mathematical relationship between welding 

process parameters and weld bead geometry has been developed. In general, the 

response function can be represented as follows: 

Y = f(D,V,I,S) (3.11) 

Assuming a linear relationship for the narrow range and considering all the main 

effects together with the two factor interactions, the above equation suggested by 

McGlone and Chadwick (1978)118 can be expressed as follows: 

Y = a,(D)a2 (V)a3 (I)a4 (S)a5 (3.12) 

where ai, a2, a3, a4 and as are constants. 

The values of ai, a2, a3, a4 and as were computed by the method of regression 

[Montgomery (1984)124, Box et al. (1978)10 and Davis (1978)42]. These analyses 

were carried out with the help of a standard statistical package, SAS, using IBM-
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compatible PC [SAS (1988)160]. The following equations correlating welding 

process parameters to weld bead geometry were obtained from the experimental data: 

W = ( D 0 - 4 2 9 4 V a 7 0 8 3I 0- 3 5 1 8S _ 0- 4 5 9 010 _ 0 0 9 0 5) (3.13) 

H = (D-0-1255V~0-7183I0-6387S"°-2395100-3339) (3.14) 

P = (D-0.5668 y0.0130il.4005s-0.3641jQ~2.3098) (3.15) 

The adequacy of the models and the significance of coefficients were tested by 

applying the analysis of variance technique respectively. Table 3.3 shows the 

standard error of estimate (SEE), coefficient of multiple correlation (R) and coefficient 

of determination (100 R2) for the above mentioned equations, respectively. 

Table 3.3 Analysis of variance tests for mathematical equations 

No. of equation 

Weld bead width 
Weld bead height 
Weld bead penetration 

Standard error of 
estimate 
0.85437 
0.73431 
0.67543 

Coefficient of 
multiple correlation 

0.9398 
0.9037 
0.9056 

Coefficient of 
determination 

0.9259 
0.8960 
0.8979 

The mathematical models were employed to calculate the theoretical results of 

regression analysis, to compare the experimental results measured with the set of 

existing empirical findings reported by Chandel and the set of modified empirical 

equations. To ensure the accuracy of the new equations and to survey the spread of 

the values, results were again plotted using the scatter graph. These graphs of 

experimental versus theoretical values of weld bead dimension are presented in figures 

3.17 to 3.19 for weld bead width, height and penetration, respectively. 

http://y0.0130il.4005s-0.3641jQ~2.3098
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Figure 3.17 Comparison of measured and calculated weld bead width using 

mathematical equations. 
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Figure 3.19 Comparison of measured and calculated weld bead penetration using 

mathematical equations. 
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Figure 3.20 Accuracy analysis of mathematical equations. 



Chapter 3 Relationships Between Welding Parameters and Weld Bead Geometry 75 

For assessing the accuracy of the theoretical results, the percentage error of each was 

again calculated, compared them to the experimental result and presented in figure 

3.20. This analysis indicated that the mathematical models provided better predictions 

of the weld bead dimensions. W h e n welding bead dimensions were totalled in 

columns, results showed that the models developed produced 79 weld bead 

dimensions that were within 0-5 % accurate. The remaining totals lay predominantly 

in the 5-10 % and 10-20 % groups. During the analysis of the results, it was 

observed that the empirical mathematical models for the G M A W process yielded more 

accurate weld bead dimensions. 

3.3.4 Redefining Mathematical Model into a Useable Format 

The empirical equations previously defined yielded the values for weld bead width, 

height and penetration for respective values of wire diameter, arc current, welding 

voltage and travel speed. The process operation requires these in a different form. 

On-ce weld bead geometry have been specified, the formula are required to calculate the 

welding process parameters to achieve weld bead geometry. 

Figures 3.17 to 3.19 indicate that the empirical formulae predicted experimental result 

better than the set of the published equations suggested by Chandel, the set of 

modified Chandel equations or the set of theoretical formula. For this reason, the 

newly established mathematical models were chosen to carry on the ensuing work in 

redefining the equations. 

Using the theory of least squares [Lawson and Hanson (1974)98], the setting of the 

wire diameter, welding voltage, arc cun-ent and welding speed can be calculated by the 

following equation in terms of weld bead width, height and penetration: 

e = (<DT<h)-1d>Ty (3.16) 
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where y = [yj y 2 ... yn] 8 = [01 0 2 - 6n] 0 = 

<p(xi) 

<P(xn) 

To reduce the complexity of the mathematics, the equations (3.13) to (3.15) will be 

rewritten as following: 

W v = (D0-4294 va7083I°-3518S~0-4590) (3.17) 

H V _ (D-0.1255 y-0.7183j0.6387s-0.2395) 
(3.18) 

pV = (Q-0.5668y0.0130jl.4005s-O.3641) 

where 

(3.19) 

W v = 
W 

0.81189 
, H v = 

H 

2.15725 
, PV = 

0.0049 

Taking the natural logarithms (In) from both sides of the above equations yields the 

following: 

lnWv = (0.42941nD) + (0.70831nV)-f-(0.35181nI) + (-0.45901nS) (3.20) 

lnHv = (-0.12551nD) + (-0.71831nV) + (0.63871nI) + (0.23951nS) (3.21) 

lnPv = (-O.56681nD) + (0.01301nV) + (1.40051nI) + (-0.36411nS) (3.22) 

The above equations can be defined by the following vectors and rewritten in matrix 

form: 

http://Q-0.5668y0.0130jl.4005s-O.3641
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= G O (3.23) 

where 

y = 
wv 
H V 

P V 
, e = 

"lnD"1 

InV 

Inl 

JnsJ 

, o = 
0.4294 0.7083 0.3518 -0.4590' 

-0.1255 -0.7183 0.6387 0.2395 

-0.5668 0.0130 1.4005 -0.3641 

Using the equation (3.16), the determinant of system is: 

lnD 

InV 

lnl 

InS 

0.8633 2.0610 -1.0337' 

19.5313 -1.6094 30.0391 

3.8125 3.5566 10.4570 

13.1875 -2.8203 18.8281 

W 1 

H^ (3.24) 

Therefore, the equations of wire diameter, welding voltage, arc current and travel 

speed should be represented as following: 

lnD = 0.86331nWv + 2.06101nHv-1.03371nPv (3.25) 

In V = 19.53131n W v -1.6094 In H v + 30.03911nPv (3.26) 

lnl = 3.81251nWv +3.5566 In H v + 10.45701npv (3.27) 

lnS = 13.18751nWv-2.82031nHv + 18.82811npv (2.28) 

This produced four simplified equations of W v , H v and Pv, each being expressed 

as a function of weld bead width, height and penetration. The principle of least 

squares was applied to the above set of equations and produced four new equations 

which described In D, In V, In I and InS in terms of W v , H v and Pv. From the 
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above equations, it can be seen that this model is considered to be useful for the 

process automation such as weld seaming tracking in the G M A W processes. The 

main advantage of the experimental model is its simple form which allows the easy 

calculation of the weld bead dimension for various welding conditions. 

To utilise these equations and to determine the value of weld bead width, height and 

penetration, the values of wire diameter, welding voltage, arc current and welding 

speed are first determined. The values of the gas flow rate and wire stickout, not yet 

included in the model, can be chosen according to material type and thickness. It 

must be demonstrated that the mathematical models developed can be applied to other 

joint types, processes, and materials. These variables are the subject of future 

research work with the view of incorporating them into a more comprehensive model. 

3.4 SUMMARY OF RESULTS 

The effects of welding process parameters on weld bead geometry when bead-on-

plate welds are deposited using the G M A W process have been studied and the 

following conclusions reached: 

1. The universality of results obtained after using empirical equations taken from 

existing models developed by Chandel proved to be limited in predicting 

experimental bead shapes for the G M A W process. After the equations were 

adjusted and the process was remodelled, the accuracy of weld bead dimension 

substantially improved. 

2. Comparison between weld bead geomeuy experimental findings and those 

proposed by the conductive heat transfer model showed that the theoretical 

analysis generally overestimates penetration and suitably predict the weld bead 

width, even if considerable scatter is found in the overall results. 
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3. Results from redefining the mathematical models should be put into perspective 

with the standard G M A W power source that was employed to conduct the 

experimental work. 

4. Mathematical models developed from the observed data in the course of this 

work can be used to control the welding process parameters in order to achieve 

desired weld bead geometry outcomes and indeed weld quality. 
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CHAPTER 4 

MATHEMATICAL MODELS FOR 
PREDICTING WELD BEAD GEOMETRY 

4.1 INTRODUCTION 

Since the GMAW process is well suited for mass production and the automated and\or 

robotic welding application, all commercial metals; carbon steel, stainless steel, 

aluminium, copper and titanium could be welded by selecting the suitable welding 

process parameters and shielding gas. One of the most important tasks in the G M A W 

process is to understand how welding process parameters affect welding bead 

geometry and to subsequently develop the mathematical models for predicting the 

desired weld bead dimensions. By carefully choosing and closely controlling welding 

process parameters, high quality welds may be made in all environments for the 

G M A W process. 

This chapter presents the results obtained in detailed experimental study regarding the 

effects of five welding process parameters on the eleven weld bead dimensions in A S 

1204 mild steel flats adopting the bead-on-plate technique. The objectives are to fully 

characterise welding process parameters in which accurate and reproducible outputs 

could be generated, and to develop the mathematical models which study the influence 

of welding process parameters on weld bead geometry and help the development of 

optimal welding process and the generation of process control algorithms. The 
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models developed will be useful for identifying the various problems that result from 

the G M A W process and establishing guidelines and criteria for effective joint design. 

4.2 EXPERIMENTAL WORK 

4.2.1 Selection of Welding Process Parameters 

A trial and error method within a narrow range of variables is often used to seek 

optimisation of the welding process. However, this approach can be time consuming 

and expensive as well as self defeating [Apps et al (19636)]. Another method, termed 

the 'tolerance box' technique is an effective, systematic approach to determine process 

parameters, tolerances and production rates, but it is to expensive and time 

consuming, and can not deal with more than three process parameters [Jones 

(1976)76]. 

Generally, a major difficulty in the procedure optimisation is many welding process 

parameters involved. The usual single variable experiment which has been varied one 

variable at a time but kept the others constant, is burdensome and unsuitable in 

complex system such as the G M A W process. However the statistical design of 

experiment based on the factorial technique, involves simultaneous variations of all the 

variables, greatly reduces the number of trials and enables mathematically reliable 

predictions to be made of the optimum conditions [Harris and Smith (1983)64]. This 

approach has been successfully employed in other field such as chemical engineering 

and agriculture. Therefore, it was decided to use the well established statistical tool of 

three level fractional factorial technique for designing the experiments which reduced 

the experimental runs to the minimum possible. 
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The welding process parameters which could affect weld bead geometry and overall 

weld quality during the G M A W process (described in chapter 2) could be classified 

into three categories and described as following [Hobart (1964)69]: 

(1 

(2 

(3 

(4; 

(5 

(6 

(7 

(8 

(9 

Arc current. 

Polarity. 

Welding voltage. 

Welding speed. 

Electrode extension. 

Electrode orientation. 

Weld joint position. 

Wire diameter. 

Shielding gas composition. 

(10) Gas flow rate. 

For achieving satisfactory weld bead geometry and studying the effects of those 

parameters which definitely affect the metal transfer mode and the amount of heat input 

to the workpiece, it is essential to control the above welding process parameters. 

Welding process parameters included in this study were however wire diameter, gas 

flow rate, welding speed, arc current and welding voltage. All other parameters, 

except these variables under considerations, were kept constant. Figure 4.1 illustrates 

a model of the G M A W process with input and output variables. Appendix B shows 

experimental conditions and their limits to investigate the relationship between input 

and output variables which based on experimental runs and criterion being good weld 

bead appearance and configurations. The other welding process parameters were 

fixed as following: 

(1) Polarity: negative. 

(2) Electrode extension: 15 m m . 

(3) Electrode orientation: 90 degrees. 

(4) Material thickness: 12 m m . 
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(5) Shielding gas : 8 0 % A r + 2 0 % C 0 2 . 

Wire diameter 

Gas flow rate 

Welding speed 

Arc current 

Welding voltage 

GMAW 
PROCESS 

Weld bead width 
Weld bead height 
Weld bead penetration 
Weld penetration shape factor 
Weld reinforcement shape factor 
Weld bead total area 
Weld bead penetration area 
Weld bead reinforcement area 
Weld bead dilution 
Length of weld bead penetration 
boundary 
Length of weld bead reinforcement 
boundary 

Figure 4.1 A model of G M A W process with input and output parameters. 

4.2.2 Definition of Weld Bead Geometry 

To investigate the effects of the welding process parameters on the resultant G M A W , a 

number of output variables called weld bead geometry were measured from the 

specimens of the workpiece. A definition of weld bead geometry, as the basic of a 

control system for the automatic and/or robotic GMAW process, describes its shape 

and derives other dimensions which should be meaningful in determining the 

acceptability of the weld. These parameters also determine the basic mechanical 

properties of the weld and the basic stress handling capabilities of the joints. Figure 

4.2 gives a schematic representation in which weld bead dimensions will be defined as 

follow: 

(1) Weld bead width. 

(2) Weld bead height. 

(3) Weld bead penetration. 

(4) Weld penetration shape factor, the ratio of weld bead penetration to weld bead 

width. 
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(5) Weld reinforcement shape factor, the ratio of weld bead height to weld bead 

width. 

(6) Weld bead total area. 

(7) Weld bead penetration area. 

(8) Weld bead reinforcement area. 

(9) Weld bead dilution, the ratio of weld bead penetration area to weld bead total 

area at a given cross section. 

(10) Length of weld bead penetration boundary. 

(11) Length of weld bead reinforcement boundary. 

{ 
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B Weld bead width 

H Weld bead height 

P Weld bead penetration 

A p Weld bead penetration area 

A R Weld bead reinforcement area 

B p Length of weld bead penetration boundary 

B R Length of weld bead reinforcement boundary 

Figure 4.2 Schematic representation of weld bead dimensions. 
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4.2.3 Development of Design Matrix 

This experiment plan, a 35 fractional factorial experiment which could be expected to 

provide sufficient data for determining the relationship and interaction between the 

welding process parameters and weld bead dimensions, was designed on three levels 

around the limitations described above (see Appendix B). The levels were selected, 

partly in anticipation of known consequences of change and partly in respect of quality 

control. Conventionally welding process parameters in the fractional factorial designs 

are known as factors and weld bead geometry as effects. In all planes, the 5 factors 

were denoted by capital letter D (wire diameter), G (gas flow rate), S (welding speed), 

I (arc current) and V (welding voltage) and investigated at the three levels of each 

factor as low, intermediate and high. They were designated by the digits 0 (low), 1 

(intermediate) and 2 (High). Each treatment combination in the 3 5 fractional factorial 

design was designated by Xi, X2, X3, X4, X5, where Xi is the level of factor D, X 2 

the level of factor G, X3 the level of factor S, X 4 the level of factor I, X5 the level of 

factor V. 

Capital letters were also employed to present the various main effects and interactions 

associated with the respective factors. Main effects had 2 degrees of freedom and 

were designed by capital letters alone. T w o factor interactions had 4 degrees of 

freedom and could be split into two parts, each having 2 degrees of freedom. With 

respect to factors D and G, the parts of two factor interactions were denoted by D G 

and D G 2 . For finding the effects of 5 independent factors, a three level full factorial 

design should require 243 trials. However, a half replicate of tests of 81 trials for 

fitting each equation called a fractional factorial design was employed to evaluate the 

main and interaction effects of five factors at three levels rather than a full experiment 

of 243 tests. Appendix B shows the combinations of factor levels, for each of which 

the eleven effects were measured. 
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In this chapter, experimental results for studying linear and first order interactive 

effects between five welding process parameters and eleven weld bead dimensions, 

were only employed for fitting the response curve. The chosen factors were wire 

diameter, gas flow rate, welding speed, arc current and welding voltage. The 

response was weld bead width, weld bead height, weld bead penetration, weld 

penetration shape factor, weld reinforcement shape factor, weld bead total area, weld 

bead penetration area, weld bead reinforcement area, weld bead dilution, length of 

weld bead penetration boundary and length of weld bead reinforcement boundary. 

4.2.4 Experimental Procedure 

81 welded samples from AS 1204 mild steel flats adopting the bead-on-plate technique 

were employed in the experiment because the workpiece offered a convenient 

reference plane for measurement of weld bead geometry, and the influences arising 

from joint preparation were removed. The chemical composition of weld material and 

the three different wire diameters (0.9, 1.2 and 1.6 m m ) were the same employed in 

chapter 3. Experimental test plates were located in the fixture jig by the robot 

controller and the required input weld conditions were fed into the particular weld 

steps. With welder and shield gas turned on, the robot was initialised and welding 

was executed. This continued until the fractional factorial experimental design runs 

were completed. 

The measurements of weld bead geometry as shown in figure 4.2 were made using a 

metallurgical microscope interfaced with an image analysis system. Images are 

represented by a 256 level Gray scale, and the program can be employed to identify 

areas of the same shade and to calculate the distance between them or their individual 

area. The fractional factorial matrix was assumed to link the mean values of the eleven 

measured results with changes in the five welding process parameters for determining 

local features of the response surface. 
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(a) 

(b) 

Figure 4.3 Metallurgical sections of welds according to the various combination of 

welding process parameters. 

(a) D=1.2 m m , G = 6 £, S=250 mm/min, 1=180 A m p , V=30 Volt 

(b) D=1.2 m m , G = 6 I, S=330 mm/min, 1=360 A m p , V=30 Volt 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 88 

(c) 

w 

Brara^iiii& 
. ' . '. • ' . • ' :• • ' : . . - . ' " • 

. ' ' ' • . - • . 

t 

m^-trM 
wrw

t~'-< 

m 

: . • ' 

f%^*M|i«^—• 

m Hi 

(d) 

Figure 4.3 Metallurgical sections of welds according to the various combination of 

welding process parameters. 

(c) D=1.6 m m , G=6 £, S=410 mm/min, 1=360 Amp, V=20 Volt 

(d) D=0.9 m m , G=6 £, S=330 mm/min, 1=250 Amp, V=20 Volt. 
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4.3 EXPERIMENTAL RESULTS AND DISCUSSION 

The summary of experimental results in terms of weld process parameters and weld 

bead geometry is given in Appendix B. For investigating weld quality and measuring 

weld bead geometry, the metallurgical sections of four welds made using various 

welding process parameters are also presented in figure 4.3. Figures 4.4 to 4.14 

show the effect of each welding process parameter on the weld bead width, weld 

bead height, weld bead penetration, weld penetration shape factor, weld 

reinforcement shape factor, weld bead total area, weld bead penetration area, weld 

bead reinforcement area, weld bead dilution, length of weld bead penetration 

boundary and length of weld bead reinforcement boundary. 

4.3.1 Effects of Welding Process Parameters on Weld Bead Width 

The weld bead width is determined by the amount of the wire melting and the manner 

in which this molten metal is spread over the workpiece surface. The factors that 

affect the melting rate are arc current, wire diameter and electrode extension [Chandel 

(1988)24 and Raveendra and Parmar (1987)150]. The mode of spreading over the 

workpiece surface is governed by welding voltage, wire diameter and welding speed 

[Chandel (1988)24 and Raveendra and Parmar (1987)150]. Figures 4.4 (a) - (d) show 

the effects of five welding process parameters on weld bead width. The coupled 

effects of gas flow rate and wire diameter on the average weld bead width are 

represented in figure 4.4 (a). The average weld bead widths were calculated by taking 

the average of all measured values with the same gas flow rate for a particular wire 

diameter, but without considering the effects of welding speed, arc current and 

welding voltage. It is evident that a higher weld bead width is obtained with a larger 

wire diameter, while the effect of gas flow rate on weld bead width seems to have little 

significance. Figure 4.4 (b) shows the average weld bead width against welding 

speed for wire diameters of 0.9, 1.2 and 1.6 m m . 
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Figure 4.4 (a) The effect of gas flow rate on average weld bead width. 
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Figure 4.4 (b) The effect of welding speed on average weld bead width. 
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Figure 4.4 (c) The effect of arc current on average weld bead width. 
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Figure 4.4 (d) The effect of welding voltage on average weld bead width. 
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Weld bead widths were produced by taking the average of all values for welds 

deposited with the same welding speed for a given wire diameter, but ignoring the 

effects of gas flow rate, arc current and welding voltage. It is noted that there is a 

decrease in weld bead width as welding speed increases. 

Figure 4.4 (c) presents the effect of arc current on weld bead width for three different 

wire diameters, respectively. The average weld bead widths were found by taking the 

average of all measured values with the same arc current for a particular wire diameter, 

without taking account of the effects of gas flow rate, welding speed and welding 

voltage. It can be seen from figure 4.4 (c) that the weld bead width increases as arc 

current increases. The effect of welding voltage on weld bead width is shown in 

figure 4.4 (d). The average weld bead widths were produced by taking the average of 

all measured values with the same welding voltage for a specific wire diameter, yet 

ignoring the effects of gas flow rate, welding speed and arc current. It is apparent 

from figure 4.4 (d) that the weld bead width increases when there is an increase in 

welding voltage. 

4.3.2 Effects of Welding Process Parameters on Weld Bead Height 

The effects of five welding process parameters on weld bead height are shown in 

figures 4.5 (a) - (d). The coupled effects of gas flow rate and wire diameter on the 

average weld bead height are represented in figure 4.5 (a), which indicate that there is 

a decrease in weld bead height with an increase in the gas flow rate and wire diameter. 

Weld bead heights were computed by taking the average of all measured values for 

welds deposited with the same gas flow rate for a particular wire diameter, but without 

considering the effects of welding speed, arc current and welding voltage. Figure 4.5 

(b) displays the effect of welding speed on weld bead height for a specific wire 

diameter. Weld bead heights were produced by taking the average of all values for 

welds with the same welding speed, but ignoring the effects of gas flow rate, arc 
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Figure 4.5 (a) The effect of gas flow rate on average weld bead height. 
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Figure 4.5 (b) The effect of welding speed on average weld bead height. 
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Figure 4.5 (c) The effect of arc current on average weld bead height. 
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current and welding voltage. As shown in figure 4.5 (b), it is evident that for a 

particular wire diameter, there is a decrease in weld bead height as welding speed 

increases. 

Figure 4.5 (c) reveals the average weld bead height against arc current for a given wire 

diameter. It is evident from figure 4.5 (c) that the weld bead height increases when arc 

current increases. The average weld bead heights were found by taking the average of 

all measured values with the same arc cun-ent for a given wire diameter, but without 

taking account of the effects of gas flow rate, welding speed and welding voltage. 

Figure 4.5 (d) shows the effect of welding voltage on weld bead height for a particular 

wire diameter. Weld bead heights were counted by taking the average of all measured 

values with the same welding voltage for a specific wire diameter, yet ignoring the 

effects of gas flow rate, welding speed and arc current. Evidence from figure 4.5 (d) 

shows that the weld bead height decreases when there is an increase in welding 

voltage. 

4.3.3 Effects of Welding Process Parameters on Weld Bead 

Penetration 

The weld bead penetration is the result of the workpiece melting. As a result, welding 

process parameters influence the weld bead penetration. The effects of five welding 

process parameters on weld bead penetration are given in Figures 4.6 (a) - (d). Figure 

4.6 (a) shows the effects of gas flow rate and wire diameter on the average weld bead 

penetration. The average weld bead penetrations were adjusted by taking the average 

of all measured values with the same gas flow rate for a particular wire diameter, but 

without considering the effects of welding speed, arc current and welding voltage. It 

can be seen here that a higher weld bead penetration is obtained with a larger wire 

diameter, while the effect of gas flow rate on weld bead penetration seems to have little 

significance. 
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Figure 4.6 (a) The effect of gas flow rate on average weld bead penetration. 
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Figure 4.6 (c) The effect of arc current on average weld bead penetration. 
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The effect of welding speed on average weld bead penetration shown in figure 4.6 

indicates that there is a decrease in weld bead penetration as welding speed increases. 

The average weld bead penetrations were produced by taking the average of all values 

for welds deposited with the same welding speed for a specific wire diameter, but 

ignoring the effects of gas flow rate, arc current and welding voltage. 

When arc current increases, the weld bead penetration increases as can be seen in 

figure 4.6 (c). The average weld bead penetrations were found by taking the average 

of all measured values with the same arc current for a given wire diameter, without 

taking account of the effects of gas flow rate, welding speed and welding voltage. 

Figure 4.6 (d) displays the effect of welding voltage on weld bead penetration for a 

given wire diameter. Weld bead penetrations were produced by taking the average of 

all measured values for welds deposited with the same welding voltage for a specific 

wire diameter, yet ignoring the effects of gas flow rate, welding speed and arc current. 

It seems from figure 4.6 (d) that there is an increase in weld bead penetration as 

welding voltage increases. 

4.3.4 Effects of Welding Process Parameters on Weld Penetration 

Shape Factor 

Figures 4.7 (a) - (d) exhibit the effects of five welding process parameters on weld 

penetration shape factor. The effect of gas flow rate on the average weld penetration 

shape factor for a particular wire diameter is represented in figure 4.7 (a), which 

represents that there is a decrease in weld penetration shape factor with larger wire 

diameter, and the effect of gas flow rate on weld penetration shape factor seems to 

have little significance. Weld penetration shape factors were computed by taking the 

average of all measured values with the same gas flow rate for a particular wire 

diameter, but without considering the effects of welding speed, arc current and 

welding voltage. 
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Figure 4.7 (a) The effect of gas flow rate on average weld penetration shape factor. 
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When higher welding speeds are used, a lower weld penetration shape factor is 

achieved as can be seen in figure 4.7 (b). Weld penetration shape factors were 

calculated by taking the average of all values for welds deposited with the same 

welding speed for a particular wire diameter, but ignoring the effects of gas flow rate, 

arc current and welding voltage. 

Figure 4.7 (c) presents the effect of the arc current on weld penetration shape factor 

for three different wire diameters. As shown in figure 4.7 (c), weld penetration shape 

factor decreases when arc current increases. Weld penetration shape factors were 

adjusted by taking the average of all measured values for welds deposited with the 

same arc current for a particular wire diameter, but without taking account of the 

effects of gas flow rate, welding speed and welding voltage. The effect of welding 

voltage on weld penetration shape factor shown in figure 4.7 (d) illustrates that the 

weld penetration shape factor increases with an increase in welding voltage. Weld 

penetration shape factors were calculated by taking the average of all measured values 

with the same welding voltage for a given wire diameter, yet ignoring the effects of 

gas flow rate, welding speed and arc current. 

4.3.5 Effects of Welding Process Parameters on Weld Reinforcement 

Shape Factor 

The relationship between five welding process parameters and weld reinforcement 

shape factor is shown in figures 4.8 (a) - (d). The coupled effects of gas flow rate and 

wire diameter on average weld reinforcement shape factor represented in figure 4.8 (a) 

indicate that a higher weld reinforcement shape factor is obtained with a larger wire 

diameter, while the effect of gas flow rate on weld reinforcement shape factor does not 

seem to have any significant effect. Weld reinforcement shape factors were calculated 

by taking the average of all measured values with the same gas flow rate for a 

particular wire diameter, but without considering the effects of welding speed, arc 
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current and welding voltage. Figure 4.8 (b) shows the effect of welding speed on 

weld reinforcement shape factor for a specific wire diameter. The average weld 

reinforcement shape factors were produced by taking the average of all values for 

welds deposited with the same welding speed for a given wire diameter, but ignoring 

the effects of gas flow rate, arc current and welding voltage. It is evident from figure 

4.8 (b) that there is no significant effect on weld reinforcement shape factor when 

welding speed increases. 

Figure 4.8 (c) illustrates that the weld reinforcement shape factor decreases as arc 

current increases. Weld reinforcement shape factors were found by taking the average 

of all measured values with the same arc current for a particular wire diameter, without 

taking account of the effects of gas flow rate, welding speed and welding voltage. 

The effect of welding voltage on weld reinforcement shape factor shown in figure 4.8 

(d) indicates that there is an increase in weld reinforcement shape factor when welding 

voltage increases. The average weld reinforcement shape factors were produced by 

taking the average of all measured values with the same welding voltage for a specific 

wire diameter, yet ignoring the effects of gas flow rate, welding speed and arc current. 

4.3.6 Effects of Welding Process Parameters on Weld Bead Total Area 

The weld bead total area is comprised of the workpiece and wire melting area so that 

any welding process parameter will eventually influence the weld bead total area. It is 

well known that higher wire melting rates are obtained when higher current and 

smaller wire diameter are employed [Chandel (1988)24 and Raveendra and Parmar 

(1987) 1 5 0]. Figures 4.9 (a) - (d) display the effects of five welding process 

parameters on weld bead total area. The coupled effects of gas flow rate and wire 

diameter on average weld bead total area are represented in figure 4.9 (a), which 

indicate that a higher weld bead total area is obtained with a larger wire diameter, while 

the effect of gas flow rate on weld bead total area does not seem to 
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Figure 4.9 (a) The effect of gas flow rate on average weld bead total area. 
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Figure 4.9 (b) The effect of welding speed on average weld bead total area. 
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have any significant effect. The average weld bead total areas were calculated by 

taking the average of all measured values with the same gas flow rate for a particular 

wire diameter, but without considering the effects of welding speed, arc current and 

welding voltage. Figure 4.9 (b) shows the effect of welding speed on the average 

weld bead total area for a specific wire diameter. Weld bead total areas were produced 

by taking the average of all values for welds deposited with the same welding speed 

for a specific wire diameter, but ignoring the effects of gas flow rate, arc current and 

welding voltage. It is evident from figure 4.9 (b) that there is a decrease in weld bead 

total area as welding speed increases. 

When a higher arc current is used, a higher weld bead total area is produced as can be 

seen in figure 4.9 (c). Weld bead total areas were found by taking the average of all 

measured values with the same arc current for a particular wire diameter, but without 

taking account of the effects of gas flow rate, welding speed and welding voltage. 

The effect of welding voltage on weld bead total area is shown in figure 4.9 (d), 

which indicates that there is an increase in weld bead total area as welding voltage 

increases. The average weld bead total areas were produced by taking the average of 

all measured values for welds deposited with the same welding voltage for a specific 

wire diameter, yet ignoring the effects of gas flow rate, welding speed and arc current. 

4.3.7 Effects of Welding Process Parameters on Weld Bead 

Penetration Area 

The effects of the five welding process parameters on weld bead penetration area are 

exhibited in figures 4.10 (a) - (d). The effects of gas flow rate and wire diameter on 

average weld bead penetration area are represented in figure 4.10 (a) which indicate 

that there is an increase in weld bead reinforcement area as wire diameter is increased, 

but the effect of gas flow rate on weld bead penetration area seems to have little 

significance. 
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Figure 4.10 (a) The effect of gas flow rate on average weld bead penetration area. 
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Figure 4.10 (b) The effect of welding speed on average weld bead penetration area. 
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Figure 4.10 (c) The effect of arc current on average weld bead penetration area. 

30 

*h 25 
fi 

ed 

G 

O 

•a 
b 
tU 

-a 
X 
2 
13 

20 

15 

10 

15 

0.9 (mm) 
1.2 (mm) 
1.6 (mm) 

20 25 30 

Welding voltage (V) 

35 

Figure 4.10 (d) The effect of welding voltage on average weld bead penetration area. 
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Weld bead penetration areas were calculated by taking the average of all measured 

values with the same gas flow rate for a particular wire diameter, but without 

considering the effects of welding speed, arc current and welding voltage. Figure 

4.10 (b) shows the effect of welding speed on the average weld bead penetration area 

for a specific wire diameter. The average weld bead penetration areas were produced 

by taking the average of all values for welds deposited with the same welding speed 

for a given wire diameter, but ignoring the effects of gas flow rate, arc current and 

welding voltage. As shown in figure 4.10 (b), the effect of welding speed on weld 

bead penetration area does not seem significant. 

The effect of arc current on weld bead penetration area shown in figure 4.10 (c), 

illustrates that the weld bead penetration area increases when arc current increases. 

The average weld bead penetration areas were found by taking the average of all 

measured values with the same arc current, without taking account of the effects of gas 

flow rate, welding speed and welding voltage. When a higher welding voltage is 

used, a higher weld bead penetration area is obtained as can be seen in figure 4.10 (d). 

Weld bead reinforcement areas were produced by taking the average of all measured 

values with the same welding voltage for a specific wire diameter, yet ignoring the 

effects of gas flow rate, welding speed and arc current. 

4.3.8 Effects of Welding Process Parameters on Weld Bead 

Reinforcement Area 

The effects of five welding process parameters on weld bead reinforcement area are 

shown in figures 4.11 (a) - (d). The coupled effects of gas flow rate and wire 

diameter on the average weld bead reinforcement area represented in figure 4.11 (a) 

indicate that a higher weld bead reinforcement area is obtained with a larger wire 

diameter, while the effect of gas flow rate on weld bead reinforcement area seems to 

have little significance. 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 111 

50 
r>L 

ed 
a 40 

G 

<D 
fi 

a 
.5 

T3 
ed 
U 
X 
<u 

30 

20 

10 

0.9 (mm) 
1.2 (mm) 
1.6 (mm) 

_L 

6 10 

Gas flow rate {£) 

14 

Figure 4.11 (a) The effect of gas flow rate on average weld bead reinforcement area. 
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Figure 4.11 (b) The effect of welding speed on average weld bead reinforcement area. 
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Figure 4.11 (c) The effect of arc current on average weld bead reinforcement area. 
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Weld bead reinforcement areas were calculated by taking the average of all measured 

values with the same gas flow rate for a particular wire diameter, but without 

considering the effects of welding speed, arc current and welding voltage. Figure 

4.11 (b) exhibits the effect of welding speed on average weld bead reinforcement area 

for a specific wire diameter. The average weld bead reinforcement areas were 

produced by taking the average of all values for welds deposited with the same 

welding speed for a given wire diameter, but ignoring the effects of gas flow rate, arc 

current and welding voltage. It is noted that there is a decrease in weld bead 

reinforcement area as welding speed increases. 

The relationship between arc current and weld bead reinforcement area is mixed as 

shown in figure 4.11 (c). This may be due to scattering effects (experimental error). 

The average weld bead reinforcement areas were found by taking the average of all 

measured values with the same arc current for a particular wire diameter, but without 

taking account of the effects of gas flow rate, welding speed and welding voltage. 

The effect of welding voltage on weld bead reinforcement area is revealed in figure 

4.11 (d). Weld bead reinforcement areas were produced by taking the average of all 

measured values with the same welding voltage for a given wire diameter, yet ignoring 

the effects of gas flow rate, welding speed and arc current. It is shown in figure 4.11 

(d) that the effect of welding voltage on weld bead reinforcement area has not had any 

significant effect. 

4.3.9 Effects of Welding Process Parameters on Weld Bead Dilution 

The effects of five welding process parameters on weld bead dilution are shown in 

figures 4.12 (a) - (d). The coupled effects of gas flow rate and wire diameter on weld 

bead dilution shown in figure 4.12 (a) represent that the weld bead dilution increases 

with an increase in wire diameter, but the effect of gas flow rate on weld bead dilution 

does not seem to have any significance. 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 114 

50 

45 

6\ 40 

o 

• i-H 

T3 

•a 
a X 
T3 
(U 

£ 

35 

30 

25 

20 

15 

-^ 0.9 (mm) 
"• 1.2 (mm) 
•• 1.6 (mm) 

2 6 10 14 

Gas flow rate (£ ) 

Figure 4.12 (a) The effect of gas flow rate on average weld bead dilution. 
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The average weld bead dilutions were calculated by taking the average of all measured 

values with the same gas flow rate for a particular wire diameter, but without 

considering the effects of welding speed, arc current and welding voltage. When a 

higher welding speed is employed, a higher weld bead dilution is produced as shown 

in figure 4.12 (b). The average weld bead dilutions were produced by taking the 

average of all values for welds deposited with the same welding speed for a given wire 

diameter, but ignoring the effects of gas flow rate, arc current and welding voltage. 

Figure 4.12 (c) presents the weld bead dilution against arc current for wire diameters 

of 0.9, 1.2 and 1.6 mm. Weld bead dilutions were found by taking the average of all 

measured values with the same arc current for a given wire diameter, but without 

taking account of the effects of gas flow rate, welding speed and welding voltage. It 

can be concluded from figure 4.12 (c) that the weld bead dilution decreases when arc 

current increases. The effect of welding voltage on weld bead dilution is shown in 

figure 4.12 (d), which reveals that the weld bead dilution increases with an increase in 

welding voltage. Weld bead dilutions were produced by taking the average of all 

measured values for welds deposited with the same welding voltage for a specific wire 

diameter, yet ignoring the effects of gas flow rate, welding speed and arc current. 

4.3.10 Effects of Welding Process Parameters on Length of Weld Bead 

Penetration Boundary 

The length of the weld bead penetration boundary is the linear length of the solidified 

line. This length would depend on the amount of the workpiece melting. Figures 

4.13 (a) - (d) show the effects of five welding process parameters on length of weld 

bead penetration boundary. The effects of gas flow rate and wire diameter on length 

of weld bead penetration boundary are represented in figure 4.13 (a). Length of weld 

bead penetration boundaries were calculated by taking the average of all measured 

values for welds deposited with the same gas flow rate for a given wire diameter, but 
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Figure 4.13 (b) The effect of welding speed on average length of weld bead 

penetration boundary. 
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Figure 4.13 (c) The effect of arc current on average length of weld bead penetration 

boundary. 
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Figure 4.13 (d) The effect of welding voltage on average length of weld bead 

penetration boundary. 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 119 

without considering the effects of welding speed, arc current and welding voltage. As 

shown in figure 4.13 (a), there is an increase in length of weld bead penetration 

boundary as wire diameter increases, while the effect of gas flow rate on length of 

weld bead penetration boundary seems to have little significance. Figure 4.13 (b) 

shows the effect of welding speed on length of weld bead penetration boundary for a 

specific wire diameter. The average length of weld bead penetration boundaries were 

produced by taking the average of all values with the same welding speed for a given 

wire diameter, but ignoring the effects of gas flow rate, arc current and welding 

voltage. It is evident from figure 4.13 (b) that there is a decrease in length of weld 

bead penetration boundary when welding speed increases. 

The effect of arc current on length of weld bead penetration boundary shown in figure 

4.13 (c) indicates that length of weld bead penetration boundary increases when arc 

current increases. Length of weld bead penetration boundaries were found by taking 

the average of all measured values with the same arc current for a particular wire 

diameter, without taking account of the effects of gas flow rate, welding speed and 

welding voltage. Figure 4.13 (d) shows the effect of welding voltage on length of 

weld bead penetration boundary for a particular wire diameter. The average length of 

weld bead penetration boundaries were produced by taking the average of all measured 

values with the same welding voltage for a specific wire diameter, but ignoring the 

effects of gas flow rate, welding speed and arc current. It seems from figure 4.13 (d) 

that length of weld bead penetration boundary increases with an increase in welding 

voltage. 

4.3.11 Effects of Welding Process Parameters on Length of Weld Bead 

Reinforcement Boundary 

The effects of five welding process parameters on length of weld bead reinforcement 

boundary are shown in figures 4.14 (a) - (d). The coupled effects of gas flow rate and 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 120 

wire diameter on length of weld bead reinforcement boundary are represented in figure 

4.14 (a). The average length of weld bead reinforcement boundaries were calculated 

by taking the average of all measured values with the same gas flow rate for a 

particular wire diameter, but without considering the effects of welding speed, arc 

current and welding voltage. It is noted that a higher length of weld bead 

reinforcement boundary is obtained with a longer wire diameter, but the effect of gas 

flow rate on length of weld bead reinforcement boundary seems to have little 

significance as shown in figure 4.14 (a). Figure 4.14 (b) represents the effect of 

welding speed on length of weld bead reinforcement boundary for a specific wire 

diameter. 

The average length of weld bead reinforcement boundaries were produced by taking 

the average of all values for welds deposited with the same welding speed, but 

ignoring the effects of gas flow rate, arc current and welding voltage. As shown in 

figure 4.14 (b), there is a decrease in length of weld bead reinforcement boundary as 

welding speed increases. 

Figure 4.14 (c) indicates the average length of weld bead reinforcement boundary 

against arc current for three different wire diameters. Length of weld bead 

reinforcement boundaries were found by taking the average of all measured values 

with the same arc current for a particular wire diameter, but without taking account of 

the effects of gas flow rate, welding speed and welding voltage. It is clear from figure 

4.14 (c) that length of weld bead reinforcement boundary increases with an increase in 

arc current. The effect of welding voltage on length of weld bead reinforcement 

boundary is displayed in figure 4.14 (d), which indicates that there is an increase in 

length of weld bead reinforcement boundary when welding voltage increases. Length 

of weld bead reinforcement boundaries were produced by taking the average of all 

measured values for welds deposited with the same welding voltage for a given wire 

diameter, yet ignoring the effects of gas flow rate, welding speed and arc current. 
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Figure 4.14 (a) The effect of gas flow rate on average length of weld bead 

reinforcement boundary. 

i 
<u 

I 
cs 
•g 
ed 

.8 
13 3 
•ST3 
00 c 
CS 3 

32 

20 

18 

16 

14 

12 

10 

8 
200 

-n- 0.9 (mm) 
1.2 (mm) 
1.6 (mm) 

250 300 350 400 

Welding speed (mm/min) 

450 

Figure 4.14 (b) The effect of welding speed on average length of weld bead 

reinforcement boundary. 
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4.4 DEVELOPMENT OF MATHEMATICAL MODELS 

4.4.1 Selection of a Mathematical Model 

The experimental results have shown that weld bead geometry is influenced by wire 

diameter, gas flow rate, welding speed, arc current and welding voltage. It was 

therefore thought that a formalised approach to procedure optimisation could 

successfully establish combinations of welding process parameters which would 

produce welds of a given quality standard. With five welding process parameters, 

the response parameter (Y) could be any of weld bead dimensions under 

considerations and express as follows: 

Y = f(D,G,S,I,V) (4.1) 

The empirical mathematical model can be categorically divided into three parts: 

(1) Curvilinear equation [McGlone (1978)117, McGlone and Chadwick (1978)118, 

Doherty et al. (1978)45, Galopin and Boridy (1986)54 and Chandel (1988)24]. 

(2) Polynomial equation [Raveendra and Parmar (1987)150 and Pandey and Parmar 

(1989)138]. 

(3) Linear equation [Yang et al. (1992)190]. 

The primary aim of this chapter is to develop all mathematical equations and to find 

the best mathematical model under eleven weld bead dimensions in order to 

investigate the effects of welding process parameters on the weld bead geometry and 

the relationship between input and output parameters. 

McGlone and Chadwick (1978)118 introduced a curvilinear formula which assumed a 

linear relationship for the close range and considered all the main effects together with 

the two factor interactions, and represented as following: 
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Y = b, (D)b2 (G)b3 (S)b4 (I)bs (V)bfi (4.2) 

where bi, b2, b3, b4, bs and b^ are constant. 

The procedure of this technique was carried out first by an analysis of the variance 

( A N O V A ) which quantified the effects of welding process parameters on each weld 

bead dimension in order to verify the significance of each welding process parameter 

and to detect whether there were any interaction effects among the welding process 

parameters themselves. Second the multiple correlation coefficient and the Fisher's F-

ratio (F) were employed to gauge goodness of fit and to indicate the significance at the 

1 % level on Fisher's F-ratio for including the physical considerations about the logical 

shape of the equations. As a result, a function based on the analysis of variance was 

developed for describing the experimental results. 

Raveendra and Parmar (1987)150 also proposed a portion of the power series-

algebraic polynomial which includes the main effects of welding process parameters 

and first order interactions as follows: 

Y = ci + C2D + C3G + C4S + C5I + C6 V + C7DG + csDS + C9DI 

+C10DV + c n G S + C12GI + C13GV + C14SI + C15SV + ci6IV (4.3) 

where Ci)C2,C3,C4,C5,c6,C7,c8,c9,c1o,c11,c12,c13,c14,c15 and c16 are constant 

Finally, the linear equation [Yang et al. (1992)190] could be expressed as following: 

Y = di + d2D + d3G + d4S + d5I + d6V (4.4) 

where d ] ^ ^ ^ ^ and d6 are constant. 
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4.4.2 Mathematical Models Developed 

Best fit equations for investigating the interrelation between the five welding process 

parameters and eleven weld bead dimensions were computed by using the standard 

statistical techniques such as multiple regression analysis. These analyses were 

employed a standard statistical package program, SAS (1988)160. 

4.4.2.1 Weld Bead Width 

The following curvilinear, polynomial and linear equations for predicting weld bead 

width and correlating weld process parameters with weld bead width were obtained 

from the experimental results: 

For curvilinear equation: 

n0.3647T0.4151v0.9273 
W = — - - (4 5) 
wcur s0.4873100.0097

 K J 

For polynomial equation: 

Wpo, = 5.0102-0.2283D-0.0035G-0.0179S +0.00981 +0.1405V 

+0.1497DV + 0.0005IV (4.6) 

For linear equation: 

Wlin=-2.3053 + 3.5131D-0.0035G-0.0179S + 0.0213I + 0.4331V 

(4.7) 
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Table 4.1 Analysis of variance tests for mathematical models for weld bead width 

No. of equation 

Equation 4.5 
Equation 4.6 
Equation 4.7 

Standard error of 
estimate 
0.712 
0.791 
0.832 

Coefficient of 
multiple correlation 

0.9810 
0.9734 
0.9697 

Coefficient of 
determination 

96.24 
94.76 
94.04 

The variance technique was employed to analyse and check the adequacies of the 

developed mathematical models. The standard error of estimate SEE, coefficient of 

multiple correlation R and coefficient of determination 100 R2 for equations (4.5) to 

(4.7) are given in table 4.1. It is noted that the value of coefficient of multiple 

correlation for equation (4.5) is higher than those for equations (4.6) and (4.7), but all 

the models are adequate. 

4.4.2.2 Weld Bead Height 

The three equations to predict weld bead height and to correlate weld process 

parameters with weld bead height were computed from the experimental results: 

For curvilinear equation: 

0.7475100.8607 

H L_ 
"cur ~ ^0.4092 n0.0844o0.4327v0.6649 D l G" V v 

(4.8) 

For polynomial equation: 

H p o l = 7.8333-0.5866D-0.1093G-0.0118S +0.01751-0.1893V 

+0.0653DG-0.0054DI + 0.0003SV (4.9) 

For linear equation: 
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Hlin = 5.9411-1.1584D-0.0288G-0.0042S +0.01091-0.0882V 

(4.10) 

Table 4.2 Analysis of variance tests for mathematical models for weld bead height 

No. of equation 

Equation 4.8 
Equation 4.9 
Equation 4.10 

Standard error of 
estimate 
0.387 
0.380 
0.406 

Coefficient of 
multiple correlation 

0.9348 
0.9363 
0.9239 

Coefficient of 
determination 

87.40 
87.66 
85.36 

To check the adequacies of the mathematical models, the standard error of estimate, 

coefficient of multiple correlation and coefficient of determination for the equations 

(4.8) to (4.10) given table 4.2 indicate that the value of coefficient of multiple 

correlation of equation (4.9) is higher than those of equations (4.8) and (4.10), but all 

equations are equally useful for prediction of weld bead height due to small 

differences. 

4.4.2.3 Weld Bead Penetration 

The three formulae for predicting weld bead penetration as well as correlating weld 

process parameters with weld bead penetration were calculated from the experimental 

results: 

For curvilinear equation: 

P = 
rcur 

D0.3945 QO.1187 JO.9557 y 0.1529 

10 2.2959 
(4.11) 

For polynomial equation: 

Ppol = 6.1869-1.0168D + 0.0605G-0.0016S-0.02351-0.2202V 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 128 

-0.0136DG + 0.0066DI + 0.001 IIV (4.12) 

For linear equation: 

Plin=-1.9503+ 0.3428D + 0.0438G-0.0016S + 0.01211 + 0.0417V 

(3.13) 

The statistical data to analyse the adequancies of equations (4.11) to (4.13) are 

respectively tabulated in table 4.3. It can be seen from table 4.3 that the value of 

coefficient of multiple correlation for equation (4.12) is better than those of equations 

(4.11) and (4.13), but those equations are similarly employed to predict the weld bead 

penetration. 

Table 4.3 Analysis of variance tests for mathematical models for weld bead 

penetration 

No. of equation 

Equation 4.11 
Equation 4.12 
Equation 4.13 

Standard error of 
estimate 
0.738 
0.651 
0.762 

Coefficient of 
multiple correlation 

0.8411 
0.8824 
0.8273 

Coefficient of 
determination 

70.75 
77.87 
68.44 

4.4.2.4 Weld Penetration Shape Factor 

For predicting weld penetration shape factor and correlating weld process parameters 

with weld penetration shape factor, the following curvilinear, polynomial and linear 

equations were obtained from the experimental results: 

For curvilinear equation: 

W R S P c u r = 
D0.0178 y0.4989 i ( ) 2 1 2 2 9 

s0.2746 j0.5932 
(4.14) 
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For polynomial equation: 

WRSPpol = -8.3062 - 5.8524D - 0.0788G - 0.0048S + 0.07981 + 0.8377V 

+0.2269DV-0.0039IV (4.15) 

For linear equation: 

WRSPlin= 7.5922-0.1804D-0.0788G-0.0048S-0.01691 +0.2018V 

(4.16) 

Table 4.4 Analysis of variance tests for mathematical models for weld penetration 

shape factor 

No. of equation 

Equation 4.14 
Equation 4.15 
Equation 4.16 

Standard error of 
estimate 
1.830 
1.372 
1.855 

Coefficient of 
multiple correlation 

0.6905 
0.8485 
0.6884 

Coefficient of 
determination 

47.68 
72.01 
47.39 

Table 4.4 shows the standard error of estimate, coefficient of multiple correlation and 

coefficient of determination for the equations (4.14) to (4.16). As shown in table 4.4, 

the value of coefficient of multiple correlation of equation (4.15) is 0.8485, while the 

values of coefficient of multiple correlation of equations (4.14) and (4.16) are not 

high, which show an indication of the inconsistency of weld penetration shape factor 

equation and of the uncertain nature of weld penetration shape factor prediction. 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 13Q 

4.4.2.5 Weld Reinforcement Shape Factor 

To predict weld reinforcement shape factor and to correlate weld process parameters 

with weld reinforcement shape factor, the following three equations were obtained 

from the experimental results: 

For curvilinear equation: 

n0.7738 r0.0752 v1.5924 
WRFP — — _ _ 
w ^ r r c u r - To.3324 in0.9985 

jO.3324 1Q0.9985 (4-17) 

For polynomial equation: 

WRFFpol = -6.7899 + 5.1434D + 0.0313G + 0.0093S - 0.0062C + 0.2365V 

-0.0084DS (4.18) 

For linear equation: 

WRFFlin =-3.3667+ 2.3678D + 0.0313G-0.001S-0.00621 +0.2365V 

(4.19) 

The standard error of estimate, coefficient of multiple correlation and coefficient of 

determination are given table 4.5 for the equations (4.17) to (4.19). It is evident that 

the value of coefficient of multiple con-elation of equation (4.18) is better than those of 

equations (4.17) and (4.19), but all equations are adequate. 

Table 4.5 Analysis of variance tests for mathematical models for weld reinforcement 

shape factor 

N o . of equation Standard error of 
estimate 

Coefficient of 
multiple correlation 

Coefficient of 
determination 
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Equation 4.17 
Equation 4.18 
Equation 4.19 

0.485 
0.438 
0.465 

0.9283 
0.9429 
0.9345 

86.18 
88.90 
87.33 

4.4.2.6 Weld Bead Total Area 

The following curvilinear, polynomial and linear equations for predicting weld bead 

total area as well as correlating weld process parameters with weld bead total area were 

computed from the experimental results: 

For curvilinear equation: 

TAcur _ 
D 0.4162 jl.027 r0.7669 

:0.6938 10 0.2244 
(4.20) 

For polynomial equation: 

ATnol = ~57-4275 +10-3466D + 3- 5127G + 0.086S + 0.371 - 0.7728 V 

-0.0152GI - 0.0007SI + 0.0078IV (4.21) 

For linear equation: 

ATiin = -10.6793 + 10.3466D - 0.095G - 0.0876S + 0.17251 + 1.0925V 

(4.22) 

Table 4.6 Analysis of variance tests for mathematical models for weld bead total area 

No. of equation 

Equation 4.20 
Equation 4.21 
Equation 4.22 

Standard error of 
estimate 
11.071 
11.067 
12.676 

Coefficient of 
multiple correlation 

0.8703 
0.8707 
0.8183 

Coefficient of 
determination 

75.74 
75.82 
66.97 
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The validity of the equations (4.20) to (4.22) can be judged from their high coefficient 

of multiple correlation in table 4.6, which shows the relationship between computed 

and measured weld bead total area. It is seen from table 4.6 that the values of 

coefficient of multiple correlation of equations (4.20) and (4.21) are higher than that of 

equation (4.22), while all equations could be equally used for prediction of weld bead 

total area. 

4.4.2.7 Weld Bead Penetration Area 

The following three equations to predict weld bead penetration area and to correlate 

weld process parameters with weld bead penetration area were obtained from the 

experimental results: 

For curvilinear equation: 

D1.6088 j0.7856 y2.2168 
APcur = J^4l053 (4"23) 

For polynomial equation: 

APpol =-44.7832 +14.6527D + 1.2393G + 0.1477S-0.13931 +0.9746V 

-0.0053GI - 0.0067SV + 0.0091IV (4.24) 

For linear equation: 

Apim= -31.215 +14.6527D-0.0056G-0.0186S +0.03521 +0.9298V 

(4.25) 
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Table 4.7 Analysis of variance tests for mathematical models for weld bead 

penetration area 

No. of equation 

Equation 4.23 
Equation 4.24 
Equation 4.25 

Standard error of 
estimate 
5.735 
5.282 
6.539 

Coefficient of 
multiple correlation 

0.8135 
0.8546 
0.7547 

Coefficient of 
determination 

66.18 
73.03 
56.96 

Table 4.7 gives the details of variance analysis for equations (4.23) to (4.25). It is 

noted that the value of coefficient of multiple correlation of equation (4.24) is better 

than those of equations (4.23) and (4.25). However, those equations are sufficient. 

4.4.2.8 Weld Bead Reinforcement Area 

To predict weld bead reinforcement area and to correlate weld process parameters with 

weld bead reinforcement area, the three formulae below were obtained from the 

experimental results: 

For curvilinear equation: 

ARcur 

1.0848 10 0.8442 

D 0.0381 c0.7962 
(4.26) 

For polynomial equation: 

ARpol =-64.578+ 10.1953D + 2.2218G + 0.0674S +0.50291 +0.1612V 

-0.0637DI - 0.0098GI - 0.0006SI (4.27) 

For linear equation: 

A R l i n = 20.6281-4.3186D-0.0896G-0.069 IS+ 0.13721 +0.1612V 
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(4.28) 

The standard error of estimate, coefficient of multiple correlation and coefficient of 

determination for equations (4.26) to (4.28) are tabulated in table 4.8. The value of 

coefficient of multiple correlation of equation (4.27) is better than those of equations 

(4.26) and (4.28) as shown in table 4.8, while all equations are satisfactory. 

Table 4.8 Analysis of variance tests for mathematical models for weld bead 

reinforcement area 

No. of equation 

Equation 4.26 
Equation 4.27 
Equation 4.28 

Standard error of 
estimate 
9.128 
8.319 
9.304 

Coefficient of 
multiple correlation 

0.8042 
0.8488 
0.7973 

Coefficient of 
determination 

64,67 
72.04 
63.57 

4.4.2.9 Weld Bead Dilution 

The following curvilinear, polynomial and linear equations for predicting weld bead 

dilution and correlating weld process parameters with weld bead dilution were 

obtained from the experimental results: 

For curvilinear equation: 

DICur = 
D 1.1929 s0.2454 yl.4507 

I 0.2412 10 0.7572 
(4.29) 

For polynomial equation: 

DI p o l=-106.6272+ 58.6711D + 0.1312G + 0.3241S-0.3061I + 3.9757V 

-0.0046DI-1.2694DV-0.012SV + 0.0115IV (4.30) 
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For linear equation, 

DIlin= -34.9469 + 25.8823D + 0.1312G + 0.023 IS -0.02421 + 1.1581V 

(4.31) 

The statistical data for equations (4.29) to (4.31) are tabulated in table 4.9. It is 

evident from table 4.9 that the value of coefficient of multiple correlation of equation 

(4.30) is superior to those of equations (4.29) and (4.31), but those equations are 

sufficient for the purpose. 

Table 4.9 Analysis of variance tests for mathematical models for weld bead dilution 

No. of equation 

Equation 4.29 
Equation 4.30 
Equation 4.31 

Standard error of 
estimate 
8.693 
8.214 
9.407 

Coefficient of 
multiple correlation 

0.7466 
0.7838 
0.6823 

Coefficient of 
determination 

55.74 
61.43 
46.56 

4.4.2.10 Length of Weld Bead Penetration Boundary 

For predicting length of weld bead penetration boundary and correlating weld process 

parameters with length of weld bead penetration boundary, the following equations 

were obtained from the experimental results: 

For curvilinear equation: 

D0.344 jO.4881 y0.783 
Bpcur = s0.3637 1Q0.2674 ^4"32^ 

For polynomial equation: 

BPt)0, = 19.3066 -1.653 ID-0.5342G-0.05S -0.01811 -0.0416V 
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+0.0161DS + 0.0016GS + 0.0018IV (4.33) 

For linear equation: 

BPlin = "3.2684 + 3.6717D-0.0139G-0.0144S + 0.02751 + 0.3906V 

(4.34) 

Table 4.10 shows the standard error of estimate, coefficient of multiple correlation and 

coefficient of determination for the equations (4.32) to (4.34). It can be seen from 

table 4. 10 that the value of coefficient of multiple correlation of equation (4.32) is 

higher than those of equations (4.33) and (4.34), but all equations are similarly 

practical for use in estimating length of weld bead penetration boundary. 

Table 4.10 Analysis of variance tests for mathematical models for length of weld 

bead penetration boundary 

No. of equation 

Equation 4.32 
Equation 4.33 
Equation 4.34 

Standard enror of 
estimate 
1.897 
1.929 
2.055 

Coefficient of 
multiple correlation 

0.8911 
0.8880 
0.8663 

Coefficient of 
determination 

79.41 
78.86 
75.04 

4.4.2.11 Length of Weld Bead Reinforcement Boundary 

The following equations to predict length of weld bead reinforcement boundary and to 

correlate weld process parameters with length of weld bead reinforcement boundary 

were obtained from the experimental results below: 

For curvilinear equation: 

BRcnr ~ 
D 0.2731 /-0.4975 V 0.5442 10 0.0487 

:0.3371 
(4.35) 
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For polynomial equation: 

BRpol = 8.1551-1.8479D-0.0817G-0.035S +0.02951 +0.3035V 

+0.0161DS (4.36) 

For linear equation: 

BRlin = 1.6075 + 3.4609D - 0.0817G - 0.0152S + 0.02951 + 0.3035V 

(4.37) 

The statistical data for equations (4.35) to (4.37) are given in table 4.11. The values 

of coefficient of multiple correlation of these equations are 0.8917, 0.8528, 0.8495, 

respectively. It is noted that the value of coefficient of multiple correlation for 

equation (4.35) is better than those of equation (4.35) and (4.37), but those equations 

are still adequate. 

Table 4.11 Analysis of variance tests for mathematical models for length of weld 

bead reinforcement boundary 

No. of equation 

Equation 4.35 
Equation 4.36 
Equation 4.37 

Standard error of 
estimate 
2.004 
2.190 
2.198 

Coefficient of 
multiple correlation 

0.8917 
0.8528 
0.8495 

Coefficient of 
determination 

79.52 
72.73 
72.17 

4.4.3 Interpretation of Mathematical Models 

Based on the empirical mathematical models that determine a given weld bead 

geometry and provide useful guidelines for systems which control weld bead 

geometry, the effect of each welding process parameters and their significant 

interactions on weld bead geometric parameters were computed and plotted by using 
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mathematical equations with the highest coefficient of multiple correlation. Figures 

4.15 to 4.19 indicate the effects of the five welding process parameters on the eleven 

weld bead dimensions within the ranges studied. The estimated effects of welding 

process parameters on weld bead geometry are presented only for parameter levels. 

The use of mathematical equations outside these boundaries is possible through 

extrapolation and should be only used with care. To stress the interaction of welding 

process parameters on weld bead geometry, figures 4.20 to 4.30 have been plotted 

taking account of the two major interactions for each of the mathematical model. 

Figure 4.20 shows the effect of interaction between welding voltage and arc current 

on weld bead width at particular values of wire diameter, gas flow rate and welding 

speed. It is evident that the weld bead width increased with an increase in welding 

voltage and arc current. The influence of interaction between wire diameter and arc 

current on weld bead height at specific values of gas flow rate, welding speed and 

welding voltage is shown in figure 4.21. 
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Figure 4.15 The effect of wire diameter on weld bead geometry. 
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Figure 4.16 The effect of gas flow rate on weld bead geometry. 
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Figure 4.17 The effect of welding speed on weld bead geometry. 
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Figure 4.18 The effect of arc current on weld bead geometry. 
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Evidence from figure 4.21 shows that a larger weld bead height is obtained with a 

larger arc current and smaller wire diameter. 

Figure 4.22 presents the influence of interaction between wire diameter and arc 

current on weld bead penetration at particular values of gas flow rate, welding speed 

and welding voltage. It is evidence from figure 4.22 that there is an increase of weld 

bead penetration with an increase in wire diameter and arc current. 

The effect of interaction between welding voltage and arc current on weld penetration 

shape factor at particular values of wire diameter, gas flow rate and welding speed is 

displayed in figure 4.23. It is noted that the weld penetration shape factor increases 

when welding voltage increases and arc current decreases. 

Figure 4.24 represents the effect of interaction between wire diameter and welding 

voltage on weld reinforcement shape factor at specific values of gas flow rate, 

welding speed and arc current. It can be seen figure 4.24 that weld reinforcement 

shape factor increases as both wire diameter and welding voltage increase. The 

influence of interaction between arc current and welding voltage on weld bead total 

area at particular values of wire diameter, gas flow rate and welding speed is shown 

in figure 4.25. W h e n higher welding voltage and arc current are employed, a larger 

weld bead total area is achieved as can be seen figure 4.25. 

Figure 4.26 shows the influence of interaction between welding voltage and wire 

diameter on weld bead penetration area at specific values of gas flow rate, welding 

speed and arc current. It is apparent from figure 4.26 that there is an increase in weld 

bead penetration area as both welding voltage and wire diameter increase. The effect 

of interaction between arc current and welding speed on weld bead reinforcement area 

at particular values of wire diameter, gas flow rate and welding voltage is displayed 

in figure 4.27. It is noted that weld bead reinforcement area increases as arc current 

increases and welding speed decreases. 
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Figure 4.28 presents the effect of interaction between arc current and welding voltage 

on weld bead dilution at specific values of wire diameter, gas flow rate and welding 

speed. As shown in figure 4.28, weld bead dilution decreases as arc current 

increases and welding voltage decreases. The influence of interaction between arc 

current and welding voltage on length of weld bead penettation boundary at particular 

values of wire diameter, gas flow rate and welding speed is shown in figure 4.29. 

It is evident that there is an increase in length of weld bead penetration boundary as 

both arc current and welding voltage increase. Figure 4.30 represents the influence 

of interaction between arc current and welding voltage on length of weld bead 

reinforcement boundary at specific values of wire diameter, gas flow rate and 

welding speed. It can be seen in figure 4.30 that length of weld bead reinforcement 

boundary increases when both welding voltage and arc current increase. 



Chapter 4 Mathematical Models for Predicting Weld Bead Geometry 15J 

For the automated and/or robotic arc welding system, the data must be available in the 

form of mathematical equations. It was in the light of these concluding remarks and 

suggestions for further developments outlined by previous researchers that the work 

in this chapter was undertaken. 

4.5 SUMMARY OF RESULTS 

The conclusions based on the experimental results and development of mathematical 

models can be summarised as follows: 

1. Experimental results show that eleven weld bead dimensions in the GMAW 

process are affected by wire diameter, gas flow rate, welding speed, arc current 

and welding voltage. 

2. The weld bead width, weld bead penetration, weld reinforcement shape factor, 

weld bead total area, weld bead penetration area, weld bead dilution, length of 

weld bead penetration boundary and length of weld bead reinforcement 

boundary increase with an increase in wire diameter, conversely an increase in 

wire diameter results in a decrease in weld bead height, weld penetration shape 

factor and weld bead reinforcement area. 

3. The effect of gas flow rate on weld bead dimensions does not seem to have any 

significance except weld bead height. 

4. There is a decrease in weld bead width, weld bead height, weld penetration 

shape factor, weld bead total area, weld bead reinforcement area, length of weld 

bead penetration boundary and length of weld bead reinforcement boundary 

with an increase in welding speed, but weld bead dilution increases as welding 

speed increases. 

5. Weld bead width, weld bead height, weld bead penetration, weld bead total 

area, weld bead penettation area, weld bead reinforcement area, length of weld 

bead penetration boundary and length of weld bead reinforcement boundary 
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increase with an increase in arc current, but weld penetration shape factor, weld 

reinforcement shape factor and weld bead dilution decrease when arc current 

increases. 

6. There is an increase in weld bead width, weld penetration shape factor, weld 

bead total area, weld bead dilution, length of weld bead penetration boundary 

and length of weld bead reinforcement boundary with an increase in welding 

voltage, while weld bead height decreases as welding voltage increases. 

7. Mathematical models developed from experimental results can be used to 

investigate the relationship between welding process variables and weld bead 

geometry and to predict the weld bead dimensions with reasonable accuracy. 

8. The comparison of coefficient of multiple correlation for curvilinear, 

polynomial and linear regression equations correlating welding process 

parameters to weld bead dimensions make no difference, which indicates that 

all equations are reasonably suitable. 



Chapter 5 Numerical Analysis of the G M A W Process 153 

CHAPTER 5 

NUMERICAL ANALYSIS OF THE GMAW 
PROCESS 

5.1 INTRODUCTION 

Since it has been shown that the velocity and temperature distributions of molten metal 

affect weld pool geometry, the microstructure and mechanical properties of the weld 

produced, there has been a significant interest in the quantitative representation of heat 

transfer and fluid flow phenomena in weld pools. Experimental studies of the flow 

conditions in weld pools are limited to the measurement of the surface velocities only. 

Furthermore, accurate observation of the surface velocities is extremely difficult 

during the actual welding process because of the presence of the arc over the weld 

surface. Therefore mathematical modelling approaches for describing the phenomena 

happened during the arc welding and investigating how the welding process 

parameters affect the weld quality, have become an essential and systematic technique. 

In recent years, considerable progress has been accomplished in modelling heat 

transfer and fluid flow conditions in weld pools during the G T A W , G M A W and laser 

welding process. However, a completely general mathematical model of the G M A W 

process incorporating the moving heat source and the details of the weld pool 

circulations is not currently available. 
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This chapter concentrates on the development of the unsteady 2D mathematical model 

which includes all important physical phenomena that control the heat transfer and 

convective flow condition in weld pools. The model developed was employed to 

investigate the heat transfer and the fluid flow in the G M A W process and to study the 

role of the various forces (buoyancy, electromagnetic, surface tension and plasma drag 

forces) and the molten metal droplets. Also, measurements of weld pool flow velocity 

and weld pool surface temperature are discussed. 

5.2 THEORETICAL MODEL 

A schematic diagram of weld pools in the GMAW process and the cylindrical 

coordinate system is presented (see figure 5.1) in order to assist in the development of 

the mathematical model. A spatially distributed heat and current fluxes fall on the free 

surface at z = 0, which is the surface on the workpiece. The weld bead penetration 

occurring in the G M A W process will be caused by the heat of the welding arc coming 

on the weld pool surface and the transfer of heat by the incoming droplets inside the 

workpiece. As a result, convection flow, free and forced, is induced in both radial 

and axial directions in molten weld pools. There are four distinct driving forces for 

weld pool convection. These were described earlier in chapter 2.4.1. 

In modelling the system, the following assumptions were made for the present 

analysis: 

(1) The flow is Newtonian and incompressible, in view of the relatively small size 

of weld pools expected. 

(2) The flow is laminar and axisymmetric, with no circumferential variations in 

terms of the size of weld pools. 

(3) All the physical properties of the liquid and solid metals are constant, 

independent of temperature except surface tension and thermal conductivity. 
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(4) A spatially distributed heat and current fluxes falling on the free surface are 

Gaussian characteristics. 

(5) The Boussinesq approximation is employed. 

(6) A n undeformable pool surface is assumed for simplifying the problem. 

Arc heat flux 

Gas flow 

LK 
Consumable electrode 

Molten filler metal droplet 

Weld pool 

Figure 5.1 Schematic diagram of a G M A W and the weld pool. 

5.2.1 Governing Equations 

Using the assumptions stated above, the governing equations that describe the 

transient development of weld pools due to coupled conduction and convection heat 

transfer are the continuity, the momentum and the energy equations [Carslaw and 

Jaegar (1959)18]. 
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The continuity equation is represented as 

- — ( p r U r ) + — ( p u z ) = 0 

r dr dz 

(5.1) 

The radial momentum equation is presented as 

9ur dur dur d p m oTur I3u r ur d 2u r 

dr2 r dr r2 dz2 

- J z B e 
(5.2) 

The axial momentum equation is described as 

d\i7 du7 duz 9Pm 9 2u z I 9 u z | 9
2uz 

3r2 r 3r 3z2 

+ /r5e + PP*(7'-rr) (5.3) 

The energy equation is expressed as 

dT „ 3T u a
2 T , , ^ 2 T , AH3f L 

p C p - + p C p u r - + pCpuz- = k ^ I + k ^ + ^ r -
3T 
at 

(5.4) 

5.2.2 Boundary Conditions 

To complete the mathematical description of the problem, the boundary conditions are 

illustrated in figure 5.2 and specified as follows: 

ri(AB) Ur = 0, uz = 0, - k ^ = hc(T-To) + a0e(T
4-T6*), f ^ 0 
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Figure 5.2 The boundary conditions employed in the mathematical model. 

T2(BC) ur = 0, uz = 0, - k ^ = hc(T-T0) + a0e(T
4-T4) 4 = 0 

d7 3Q 
T3(CD) ur = 0, uz = 0, - k — = qa = -^-exp{-3(r/rq)

2}, 
dz TtTq L J 

Jsuf = -<*T~ 
dz 

T4(DE) ^ ^ = -{^^} + f^ e^- 3 f r / ra^} + ̂ ag. uz = 0 

. 3T 3Q r ~, , ,21 
dz JUrf 

r<rc 

T = T, r<rd 
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Jsuf = -<5 
3(j> 

dz 

r5(EF) Ur=o, %^ = o, ? = o, |t=o 
dr dr dr 

T6(FA) ur = 0, uz = 0, 2 = 0, ^ = 0 
dr dr 

(5.5) 
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Figure 5.3 Distribution of shear stress at weld pool surface [Matsunawa et al. 

(1988)114]. 

The plasma drag and the surface tension forces are treated as boundary conditions. 

The radial distribution of shear stress T^g employed is shown in figure 5.3 

[Matsunawa et al. (1988)114]. The liquid-solid phase change and the associated latent 

heat were modelled using the enthalpy method, which is the definition of the fraction 



Chanter 5 Numericnl Analysis of the G M A W Process 15_£ 

of liquid [Thomas et al. (1984)176 and Brent et al. (1988)
11]. The essential feature of 

this method is that the evolution of latent heat is taken account of the governing energy 

equation by defining a heat source terms. 

The latent heat term is added to the energy equation via — where 
dt 

fL = 

1 T > T l i q 

(T-Tsol)/(Tliq -Tsol) TsoI <T<Tliq (5.6) 
0 T<Tsol 

This method easily adapts to the general algorithms of the P H O E N I C S code as it is 

designed to solve non-linear equations through iterative techniques. The latent heat 

content is directly coupled to the nodal temperature, which produces fairly accurate 

results, especially for non-isothermal solidification of metals. 

5.2.3 Source Terms and Driving Forces for Fluid Flow 

5.2.3.1 Molten Metal Droplets 

In GMAW process, the shape of weld pools appears to be determined primarily by 

the momentum and special distribution of the stream of droplets from the melting 

electrode. To develop the numerical model in this study, it was assumed that not only 

the heat input distributions are described as uniform droplet temperature over a central 

circular area, equivalent to droplet radius and a Gaussian - distributed arc heat source, 

over a circular area equivalent to the arc, but also molten electrode is transferred from 

the melting electrode to the weld pool surface with the Gaussian - distributed 

velocities. The distributed velocities were added to the converged velocities of fluid 

components at the weld pool surface in the iterative calculation procedure. Tichellar et 

al. (1977)179 determined the average temperature of droplets as 2400 °C for steel. 

The droplet radius has been taken from previously published experimental work 
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[Lancaster (1984)97] as 0.46 m m . Since there is a close relationship between gas 

flow rate and arc current in G M A W , arc current 360 A is calculated by wire feed rate 

of 0.207 m/s for 1.2 m m wire diameter from figure 5.4*. The volumetric feed rate of 

electrode was calculated from these date and effective radius of the velocity 

distribution was assumed 2 m m . 

Wire Feed Speed V.Current 

450 
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300 

Amps (Approx) 

100 150 200 250 300 350 400 450 500 550 600 650 700 

Wire Feed Speed (in/min) 

0.8mm — *~ 0.9mm 1.2mm -*- 1.3mm 1.6mrT-

Figure 5.4 Relationship between wire feed speed and arc current. 

Heat input efficiency which depends on welding process variables such as arc current, 

welding voltage, type of shielding gas, gas flow rate and electrode extension, has been 

found to range between 66 and 71 percent in the G M A W using plain carbon steels 

[Christensen et al. (1965)36 and Allum and Quintino (1985)3], and 71 percent with 

1.2 m m wire diameter argon + 7 % C O 2 as the shielding gas [Essers and Walter 

(1981)48]. The heat input efficiency is taken as 70 percent in the present simulation. 

This data regarding relationship between arc current and wire feed rate was provided 
from the Lincon Electric Co. 
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5.2.3.2 Electromagnetic Force 

In the GMAW, a current flow from wire electrode to the workpiece induces a 

magnetic field which interacts with arc current to create an electromagnetic or Lorentz 

force. The distribution of the arc current over weld pool surface can be written as: 

1 7 

Jsuf = —exp{-3(r / rj)
2} (5.7) 

ft/-j l J 

The charge continuity equation given by Gauss' law becomes: 

V7 = 0 (5.8) 

assuming that the electric field is in a quasi-static state. For linear isotropic 

conducting media, the current density given by Ohm's law is represented: 

J = cE (5.9) 

Defining an electric potential by E = -V(|), the distribution of the electric potential in 

the workpiece from equations (5.8) and (5.9) is described: 

V2((> = 0 

or 

I|.(r|*) + fV0 (5.10) 
r or dr 6% 

where steady flow and a constant electrical conductivity have been assumed. 

From the calculated potential field, the distribution of current density in weld pools can 

be obtained from Ohm's law: 
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d<j> 
Jr = - a ^ (5.11) 

Jz = ~G^ (5-12) 

The magnetic field given by Ampere's law is presented: 

VB = \LmJ (5.13) 

By symmetry, only the circumferential component of the self-induced magnetic flux 

vector B% is non-zero. With the help of the Maxwell equation, equation (5.13) is 

written as: 

d £ e _ 
dz 

= VmJr (5.14) 

- — ( r B e ) = limJr (5.15) 

From equations (5.13) and (5.14) and the boundary condition that BQ = 0 is at r = 0, 

the self-induced magnetic field is obtained from Ampere's law: 

fle = — ]jz^r (5-!6) 
r o 

Combining equations (5.10) through (5.16), the electromagnetic force Jx B in weld 

pools is calculated: 

(JxB)=-JrBQ (5-17) 
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(JxB)z = -JzBe (5.18) 

A summary of the techniques for solving the electromagnetic force JxB with a 

distributed current source is useful at this time. Three methods for solving the 

electromagnetic force for the arc welding are known in the literature. Kou and Le 

(1983)83, Kou and Sun (1985)84 and Zacharia et al. (1989)196 used an analytical 

solution derived by Atthey (1980)7 for cylindrical coordinates, but experimental 

studies by Lu and Kou (1989)108 showed that the current distribution did not certainly 

follow a Gaussian behaviour. The second technique by Oreper et al. (1986)135 and 

Oreper and Szekely (1987)136 was employed an electromagnetic stream function 

relation to derive the current density. This scheme is quite different from the first 

method of solving the electromagnetic force. The third technique by Correa and 

Sundell (1986)40 and Choo et al. (1992)34 was identical to the one used here. The 

technique proposed in this thesis has been individually originated from studies of 

Correa and Sundell (1986)40 or Choo et al. (1992)34. 

5.2.3.3 Surface Tension Force 

Surface tension force which is referred to as the Marangoni effect, describes the flow 

of liquid at a free surface from a region of low surface tension to a region of higher 

surface tension. At the surface of weld pools, the surface tension variation with 

temperature must be balanced by fluid shear stress since the surface must be 

continuous. Therefore, the shear stress at the surface is equated to the gradient of 

surface tension. At the free surface, the shear stress due to the Marangoni effect or the 

surface tension driven flow is included as a boundary condition for the momentum 

equation: 

aM,=_ay_ar (519) 
K dz dT dr 
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5.3 NUMERICAL PROCEDURE 

5.3.1 The Discretization 

In order to enhance the accuracy of calculation in the weld pool area and to reduce the 

cost of analysis, grids of variable spacing were employed. Finer grids were utilised 

near the heat source, while further away from it, a relatively coarse grid was 

employed. The mathematical model was employed a 40x41 non-uniform fixed 

rectangular grid system for calculation of temperature and velocity fields as shown in 

figure 5.5. Magnitude of weld pool zone was estimated as approximate 4 mm. The 

minimum radial grid was 0.15 mm, while the minimum axial grid was 0.14 mm. 

For a numerical solution of equations (5.1) to (5.4), the problem domain is covered 

by a set of rectangular control volumes. Values of variables within a control volume 

are presented in terms of the values at the associated node point. A main grid was 

located at the centre of each control volume. The discretization was performed using a 

staggered grid [Patankar (1980)141] which consisted of two different grids; one for 

vector variables such as velocity and another for scalar variables such as temperature 

and pressure. Based on the staggered grid, a fully implicit control volume integration 

of the governing equations (5.1) to (5.4) results in the finite difference scheme below: 

aP9P = as(ps + aN(pN + aH(pH + aL(pL + b (5.20) 

where cp presents any of axial velocity, radial velocity, temperature and pressure. The 

subscripts indicate the appropriate nodal value of dependent variable. The value of a 

represents the coefficients which result from the equations, but b is the source term 

from the equations. To calculate the values of the relevant dependent variables at a set 

of chosen points called the grid points, the algebraic equations for these values, called 
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the discretization equations, were derived by integrating the governing differential 

equation over a each grid points. 

Figure 5.5 Grid employed for computations. 

5.3.2 Method of Solution 

To numerically solve the governing equations with the associated source terms, a 

general thermofluid-mechanics computer program, P H O E N I C S code [Spalding 

(1993)170] (which was based on the S I M P L E algorithm [Patankar (1980)141] and 

developed by C H A M Ltd. to solve coupled sets of partial differential equations 

governing heat, mass and momentum transfer) was used. The material properties and 

workpiece information employed in the calculation of temperature and velocity fields 

as well as weld bead geometry are summarised in table 5.1. They were taken from 

Oreper and Szekely (1987)136 and Choo et al. (1992)35. In general, it is quite tedious 

to obtain accurate material properties since these properties are not only temperature 

dependant but also composition dependent [Zacharia et al. (1992)1"]. A s a Tesu\u the 

values reported here reflect order of magnitude approximation. 
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Table 5.1 Material properties data employed for modelling 

Nomenclature 

coefficient of thermal expansion 

density 

electrical conductivity 

heat capacity 

rate of addition of weld material 

latent heat of fusion 

thermal conductivity (liquid steel) 

thermal conductivity (solid steel) 

plate radius 

plate thickness 

liquid temperature (steel) 

M a x i m u m surface temperature 

ambient temperature 

solid temperature (steel) 

surface tension coefficient 

permeability of free space 

viscosity 

Symbol 

13 

P 

°0 
CP 

F 

AH 

kl 

K 

Lr 

Lz 

Tlia 

T 

T 
x 0 

TS01 

/oT 

Um 

r1 

Value 

lO^OC"1) 

7200 kg/m3 

7.14xl05Q"1nf1 

753J/kg-K ! 

1.37xl0"8m3/s 

2.47xl05J/kg 

15.48W/m.K 

31.39W/m.K 

20 m m 

12 mm 

1723 K 

2500 K 

300 K 

1523 K 

10"5N/m-K 

1.26xiO-9(H/mm) 

6.0xl0~3(kg/m.s) 

Initial convergence difficulties were overcome by using a simultaneous solver for the 

pressure-correction equation and false-time step relaxation on temperature and 

velocities. Convergence was accomplished when the spot values of the relevant 

dependent variables at the critical grid location remain fixed (<0.001), but the residuals 

of all governing equations keep decreasing. Generally, the residual must decrease by 

at least 3 orders of magnitude with respect to the first sweep before the run is 

terminated. The time step employed was 10"^s. The number of sweeps needed to 

achieve a converged solution depends on a number of parameters such as initial guess, 

material properties, fine-turning of the relaxation parameters. The reference residual 

employed as a stopping criterion to determine when the calculations should advance to 
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the next time step, was assumed to be 10"9* for radial velocities, axial velocities, 

temperature and pressure. 

5.4 RESULTS AND DISCUSSION 

The detailed information on the fluid flow and heat transfer that occur during the 

GMAW process was obtained by numerically solving the mathematical models that 

represent the essential physical features of the process. The computational model was 

employed to simulate the welding process in order to quantitatively understand the 

effects of different forces on the fluid flow and heat transfer, and the weld geometry. 

The arc current and welding voltage are 360 A and 25 V respectively. The effective 

radius of density distribution and effective radius of current distribution are 4 mm and 

3 mm. 

The gradual development of the interface between the liquid and solid regions with 

time has been shown in figure 5.6. The occurrence of the finger type of penetration 

can be easily observed. Contours of axial and radial velocity and of temperature as 

well as velocity field in weld pools at time of 0.75s due to the combined driving 

forces (electromagnetic, buoyancy, surface tension and plasma drag forces) are clearly 

shown in figures 5.7 to 5.10. During the GMAW process, all these forces are 

simultaneously applied in and on weld pools. The calculated temperature field in weld 

pools and shape of weld pools are shown in figure 5.7. The weld pool has a width of 

4.26 mm and a depth of penetration of 4.09 mm. Figures 5.8 to 5.10 shows the 

contour of axial and radial velocity as well as velocity field which is composed of a 

double loop circulation pattern - a wider radial flow at surface and a central penetrating 

flow loop. 

* The reference residual is 10"7 for the electric potential to aid in the stopping criterion 
as the charge continuity equation is time-independent. 



Chapter 5 Numerical Analysis of the G M A W Process 
m 

R axis (mm) 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 

? 
B 

.—< 
X 
S3 

1.0 

2.0 

3.0 

4.0 

5.0 

6.0 

1 1 )LS\) 
— Q.25&yy\^r 

0.50s//0.75s 
— r / 

1 1 1 

Figure 5.6 Liquid-solid interface of the G M A W process at different times. 

4.28 m m 

4.09 m m 

Figure 5.7 Temperature field in weld pools due to the combined driving forces. 
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4.09 m m 

Figure 5.8 Velocity field in weld pools due to the combined driving forces. 

4.28 m m 

4.09 m m 

Figure 5.9 Radial velocity contour due to the combined driving forces. 
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4.28 m m 

4.09 m m 

Figure 5.10 Axial velocity contour due to the combined driving forces. 

The computed results indicate that there is the difference in the velocity scale between 

the first and second loop circulation patterns. The maximum surface velocity 

observed is of the order of 2.5 m/s. 

A wider radial flow at surface is mainly induced by the surface tension force at the 

weld pool surface which is caused by temperature gradients at the weld pool surface 

and possibly by surface active agents in weld pools. Surface tension of the liquid 

metal at the weld pool surface is lower near the centre and higher near the boundary 

because surface tension of the liquid metal tends to decrease with increasing 

temperature. As a result, the calculated flow pattern by surface tension force was 

from centre to weld pool boundary. 

A central penetrating flow loop is dominated by the electromagnetic force caused by 

the interaction between the divergent current path in weld pools and the magnetic field 

it generates. Since the divergence of the electric current fields in weld pools develops 
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a downward electromagnetic force near the central part of weld pools and pushes the 

liquid metal in the region downward to the weld root, the liquid metal by the 

electromagnetic force flows downward near the centre of weld pools and upward near 

the boundary. Since the flow pattern induced by the electromagnetic force promotes 

heat transfer from the heat source to the weld root, the transport of hot liquid metal 

down the axis of the weld pool will result in deep weld penetration. The results also 

indicate that the fluid flow has a significant effect on the weld pool temperature 

distribution and the development of the weld pool shape and size. 

R axis (mm) 

1.0 2.0 3.0 4.0 5.0 6.0 7.0 

1.0 

2.0 

| 3.0 

8 4.0 
N 

5.0 

6.0 

Figure 5.11 Comparison of weld pool boundaries with the same heat input. 

Figure 5.11 depicts weld pool boundaries in comparison with those of calculation in 

only conduction mode while the input parameters and material properties were fixed. 

It is noted from figure 5.11 that convection mode makes deeper penetration in the 

workpiece than only conduction model, and weld pool convection which causes 

greater heat transfer from the heat source to the workpiece, plays a significant role in 

the formation of the finger penetration. 

i i i v i i r 

Convection 
Conduction 
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Figure 5.12 Comparison of the G M A W with G T A W weld pool dimensions. 
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Figure 5.13 Comparison of mild steel with titanium weld pool boundaries at the same 

conditions. 
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Figure 5.12 illustrates the comparison of the GMAW with GTAW weld pool 

dimensions, while the input parameters and material properties were not changed. As 

shown in figure 5.12, the G M A W process makes a deeper weld bead penetration into 

the workpiece than the G T A W process, while a smaller weld pool because some of the 

input energy is employed to melt the filler metal and raise its temperature to that of the 

liquid metal. Figure 5.13 illustrates the comparison of mild steel with titanium weld 

pool profiles at the equal input parameters. These materials have different thermal and 

physical properties, which would cause different velocity and temperature fields. 

5.5 SUMMARY OF RESULTS 

1. Fluid flow and heat transfer in weld pools for the GMAW were theoretically 

investigated through a transient axisymmetrical solution of Navier-Stokes 

equation and the equation of conservation of energy. 

2. The computer model incorporates the four distinct forces (electromagnetic, 

buoyancy, surface tension and plasma drag forces) and the molten metal 

droplets. 

3. A double loop circulation pattern can coexist with weld pools: one in a central 

penetrating flow loop by the electromagnetic force and the other in a wider 

radial flow at surface by surface tension. 

4. The computed results clearly indicate that the electromagnetic and surface tension 

forces as well as the molten metal droplets are the dominant factors that control 

the weld pool convection, while the buoyancy and plasma drag forces seem to 

have little significance. 

5. With reference to figure 5.11, it is obvious that there is a significant difference 

between the results from models with and without convective heat transfer. 

Weld bead penetration is strongly affected by fluid flow in weld pools. 
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CHAPTER 6 

INFRARED SENSING FOR AN ADAPTIVE 
ARC WELDING PROCESS 

6.1 INTRODUCTION 

The automated and/or robotic arc welding is widely employed in the fabrication 

industry for increasing productivity and enhancing product quality by its high 

processing speed, accuracy and repeatability. Reprogramming techniques have 

proved to be inadequate in taking into consideration of the component distortion, due 

to heat imperfections and seam misalignment which can take place during the welding 

process. To fully automate the welding process and adaptively control, it is needed 

sensors that monitor the process output in real-time and feedback to the controller the 

generated information so that welding process parameters are adjusted accordingly and 

in-process variations are compensated [Cook et al. (1989)39]. These variations can be 

either in the weld pool shape and size, weld seam, or both. 

Tactile sensors have been employed for seam tracking and weld bead penetration 

control. Even if these are simple to use, their major limitation lies with their inherent 

inflexibility and wear characteristics that can give rise to measurement inaccuracies 

[Malin (1986)111 an(j Hanright (1986)
61]. O n the other hand, non-contact type 

sensing is preferable, but the cost associated with the sophisticated system constrain 

their extensive applications. Machine vision systems have been developed and used in 
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conjunction with low power laser beams. The latter is utilised to intercept the area of 

sight, while the former is employed to extract information from the welding scene 

regarding seam positioning and the unfused zone area [Boillet et al. (1985)9]. Control 

is performed in real-time and an adaptive manner via an integrated microprocessor 

capable of taking appropriate corrective action and ensuring that the welding head 

follows the seam path and deposits the optimum amount of filler material to fuse the 

joint. A number of variations of systems based on this principle exist, most of which 

have been miniaturised and made robust over the years [Richardson (1986)153]. For 

sensors incorporated within the welding torch or attached to the robotic manipulator, 

an ability to withstand the harsh welding environment is a major prerequisite. 

In general, remote sensing techniques are currently under considerable flux and 

constitute the preferred means for dynamically detecting welding process variations. 

Accumulated information at each point is employed to compensate for deficiencies 

including incomplete penetration and lack of side wall fusion. A system of this type 

that employs infrared thermography principles and computer imaging techniques is 

described in the following section. The sensing system has been implemented in real

time monitoring of the robotic GMAW process. 

Infrared thermography is finding increasing application in the area of non-destructive 

testing and evaluation as well as in condition monitoring of plant equipment and 

facilities. Temperature differences down to 0.1 °C can be monitored with today's 

thermoelectrically cooled infrared scanners. Thermal signatures can be stored on 

video tapes or on other forms of permanent records including computer disk and 

photographs. However, this sophisticated technique is expensive and this is the only 

drawback to its wide utilisation in industry. It is believed that the more the laboratory 

applications are researched and developed, the more possibilities for industry 

implementations may be found. 
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In welding, infrared thermography has been used to monitor weld quality and the 

bond strength of resistance welded electrical components in real-time. The system 

employed was integrated with a microprocessor which compared the measured data 

against stored models of acceptable weld thermal signatures. Another example is that 

of monitoring the on-line weld quality of electrical switches used in automobile air bag 

components. Information related to tensile strength of the weld was extracted from the 

temperature profiles and heat distribution areas. Infrared thermography has also been 

used to assess the integrity of critical fusion welds in industries such as air craft and 

petrochemical [Ramsey et al. (1963149), Lukens and Morris (1982)!09 and Chin et al. 

(1983)28]. 

Preliminary investigations [Chen and Chin (1990)26 and Nagarajan et al. (1989)128] 

using infrared thermography for welding process status information showed that 

variations in weld process parameters produce changes in surface temperature 

distributions on the plates being welded. During these works, front side scanning 

infrared camera was used to monitor molten pool and surface temperature distributions 

during the welding. Welding process parameters were varied to alter the weld bead 

penetration and corresponding changes in the temperature distribution were recorded. 

It was established that a linear relationship between weld bead width and infrared 

image profile width exists. Additionally, the weld bead penetration was exponentially 

correlated to the area under the measured surface temperature profile taken at the 

centre-line of the molten metal pool [Nagarajan et al. (1989)129]. Such findings 

clearly indicate that the above mentioned information from the surface temperature of 

plates being welded can be utilised to control the weld bead penetration and weld bead 

width in real-time. A recent study [Chen and Chin (1990)26] revealed that by 

measuring the amount of visible and near infrared emitted from the rear of the weld 

joint, weld bead penetration over a range of welding process parameters can be 

controlled. The system employed proved to be sensitive enough to employ fibre-

optics for transmitting the light from the weld to the sensor. The fibre-optics 
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technology helped the facilitation of welding assemblies with limited access to the 

underside of the weld is most suited to relatively small diameter tubes. This may be an 

expensive application but it can be seen as a tool for ensuring specification compliance 

and minimising the amount of rework needed, especially on critical and valuable 

components [Smartt et al. (1993)168]. 

The above mentioned techniques have substantially advanced the concept of remote 

monitoring of weld bead penetration during the automated and/or robotic arc welding 

using infrared sensing, but make no reference to the technique's additional potential 

capability for seam tracking. In other words, the studies document only the capacity 

of the emerged technology to accommodate deficiencies related to acceptable 

penetration variations in real-time. While the correct weld volume deposition is 

necessary to fuse the joint, it's correct placement on the joint that is equally desirable 

in order to allow quality to be built into the product rather than inspected into it 

[Marburger (1990)113]. Although there exists a plethora of seam tracking systems that 

can be used in conjunction with infrared thermography to complement the seam 

following capabilities of these systems by controlling weld bead penetration, it would 

be more advantageous to fully explore the potential of a single system to control both 

tasks. It was against this background that the research and development discussed 

below was carried out. 

The primary purpose of this chapter is (1) to find relationships between welding 

process parameters and thermal image from infrared thermography, (2) to obtain the 

thermal profile characteristics, (3) to calculate the weld bead geometry using image 

analysis techniques and (4) to finally relate the surface temperature distribution of the 

welded part to the weld bead width and height. 
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6.2 EXPERIMENTAL PROCEDURE 

6.2.1 Experimental Equipment 

The AGA thermovision 680 employed in this study consists of infrared camera and 

thermal picture display. The camera unit converts the invisible infrared radiation given 

off by an object into equivalent electronic video signals which are then amplified and 

transferred via an interconnecting cable to the display unit [AGA (1983)1]. 

CAMERA LENS 
OPTICAL-MECHANICAL SCANNER TRANSFER OPTICS DETECTOR 

HOUSING 
Rotary chopper 16 rps 

J~\ Dewar Mask 

Horizontal 
scanning prism / 

Coilimation Ions 
Selectable aperture / 

C.)Hima1ion lens 

elector 
Liquid nitrogen 

(position 2) 

Figure 6.1 Various optical paths with the system 680 camera unit. 

The infrared scanner in the 680 camera is made up of two rotating (vertical and 

horizontal) scanning prisms, that are driven by a pair of hysteresis synchronous drive 

motors. Power to the motors is supplied from a built-in 200 Hz solid state inverter 

located in the display unit. The functions of the scanner are as follows: A virtual 

image is formed by the front lens of camera on a plane within the first prism. The 

image is scanned vertically by the rotation of the prism about its horizontal axis. This 
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results in a horizontal, virtual line-image being formed within the second scanning 

prism. The line-image is then scanned horizontally in turn by the rotation of the 

second prism about its vertical axis (shown in figure 6.1). 

Both prisms are eight sided. The horizontal scanning prism is flat in form, and rotates 

at high speed about its short axis at a speed of 12000 revolutions per minute. The 

prism is mounted together with a position pick-off ring on a single flange coupled 

directly to the shaft of the horizontal-drive motor. Due to the high horizontal rotational 

speed, the entire assembly must be carefully balanced dynamically before installed 

inside the camera unit. The vertical scanning prism is drum-shaped. It rotates at right 

angles to the horizontal prism, scanning the image approximately once vertically for 

every 70 horizontal scans. Due to its greater mass, the vertical prism is supported 

separately on both sides by precision ball bearings and carefully centred. It is coupled 

through a set of precision reduction gears to the second drive motor, which operates at 

4000 rpm. Figure 6.2 shows the internal arrangement of the infrared camera. 

Figure 6.2 Internal arrangement of infrared camera. 
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The infrared sensitive detector in the standard 680 camera consists of an indium 

antimonite (InSb) photovoltaic cell, sensitive to the middle infrared wavelength band. 

The detector cell must be cooled to the temperature of liquid nitrogen (-196°C) to 

obtain its maximum sensitivity. The liquid nitrogen coolant is stored in a 100 cm3 

dewar within the camera. When the dewar is full, it provides coolant for at least four 

hours of camera operation before refilling is necessary. 

The dimensions of the infrared detector are kept as small as possible consistent with 

required temperature resolution in order to obtain the best possible spatial resolution. 

The small size of the detector enables mounting it within the double walls of the dewar 

vessel, providing both temperature-shielding and protection from contamination of the 

sensitive detector surface by exposure to the atmosphere. The infrared beam enters the 

detector housing through a sapphire window set in the outer wall of the dewar. In 

front of the detector, window is a flange for mounting the detector assembly on the 

chopper housing. This flange that contains the second lens of the collimating system, 

used to focus the parallel rays emerging from the chopper assembly onto the surface of 

the detector. 

The signal derived from the camera unit is amplified and employed to modulate the 

intensity of the electron beam of the TV-monitor type picture tube in the display unit. 

The electron beam sweeps across the screen of the monitor tube in synchronism with 

the camera scanning-optics, under control of the trigger pulses derived from the 

camera unit. This produces on the display screen a thermal picture of the object being 

scanned by the camera unit. A selected amount of the infrared radiation focused on the 

detector in the camera unit can be marked electronically to produce isothermal contours 

on the display screen. Whenever the detector video signal level corresponds to the 

preset isothermal level selected, the electron beam of the picture tube is automatically 

switched to maximum intensity. This causes all areas in the thermal picture with the 

selected temperature level to be outlined in saturated white. The isothermal contours 
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thus produced can be used to measure the exact amount of temperature variation 

existing between details of the thermal image of the weld in progress if required. 

6.2.2 Welding Procedure 

Experiments were designed to study the effects of welding process parameters on 

weld bead geometry and the surface temperature distributions, and to develop the 

adaptive control system. In the first series of test, a 23 factorial experiment was 

employed to investigate the relationship between welding process parameters and 

thermal images as well as welding bead geometry as a function of arc current, welding 

speed and welding voltage. Appendix C shows the welding process parameters for 

experiment. 

The second series of experiments were performed using various arc currents of 150 to 

240 Amps and a constant welding speed of 180 mm/min, welding voltage of 20 V, 

wire diameter of 1.2 mm and gas flow rate of 14 £. These experimental results were 

employed to investigate the relationship between the thermal images produced by 

infrared thermography and welding bead geometry (weld bead width and height) in 

order to achieve an adaptive welding process. 

All experiments were carried out using AS 1204 mild steel plates having dimensions 

200 mm in length, 100 mm in width and 5 and 10 mm in thickness. The chemical 

composition of weld material and 1.2 mm wire diameter were the same employed in 

chapter 3. The experimental setup was composed of the welding power source by 

Lincoln arc welding, Hitachi process robot and AGA thermovision 680 system. An 

automatic wire feeding unit was employed to provide variable wire feed rates, 

according to arc current level employed. A six axis robotic manipulator was utilised to 

provide the welding process speed and welding direction. The robotic and welding 

controller was interfaced with the welding power source with an adjustable range of 
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output current between 50-350 A m p s and an adjustable range of output voltage 

between 16-36 Volts. A microcomputer was employed to address the robotic arc 

welding controller and to access its menu containing combinations of welding process 

parameters to achieve the desired quality output. The schematic diagram of the 

experimental setup employed is illustrated in figure 6.3. 

Power supply 
controller 

Central computer 
for data processing 

and controlling 

Infra-red detector 

' r 
Infra-red image 

electronics 

Digital data input 
interface 

Video cassette 
recorder and 

monitor 
i 4 

Figure 6.3 The schematic diagram of the experiment. 

A solid electronics cooled infrared vision camera was employed to convert the 

invisible infrared given off during welding into equivalent electronic video signals 

which were then amplified and transferred to the display unit during the welding. The 

unit was positioned away from, but directly in view of, the rear of the weld steel plates 

to be welded and was interfaced with the same microprocessor as the robotic welding 

controller through the video output connection. The output was fed to an image frame 

grabber and after being digitised it was processed using an image analysis software 
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package. The scanning rate of the camera was 30 frames per second and computer 

image sampling and storage rate was 5 frames per second. Digitised frames were 

stored in a C. D. erasable / rewritable laser facility for analysis and processing. 

During the welding, the planner position coordinates of the welding torch in relation to 

the plate surface were also recovered. 

After each welding run, test pieces were sectioned and metallographically examined. 

Polishing and etching of the welding zone revealed weld bead dimensions, which 

were recorded using machine vision facilities. Figure 6.4 illustrates measurements of 

weld bead width and height taken from the metallographic weld samples. 

Measurements of weld bead width and height were performed after welding, using a 

standard metallographic technique. 

Weld bead width 

I 
Weld bead height 

' 

I 

Figure 6.4 Metallographic weld sample showing measurements of weld bead width 

and weld bead height. 

6.3 RESULTS AND DISCUSSION 

Figure 6.5 depicts the temperature distribution obtained during the GMAW process for 

four welds of varying welding process parameter. As shown in figure 6.5, there are 

identifiable changes in the surface temperature distribution. 
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(a) Arc current=150A and thickness=5mm (b) Arc current=150A and thickness=10mm 
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(c) Arc current=240A and thickness=5mm (d) Arc current=240A and thickness=10mm 

Figure 6.5 Isothermal colour plots showing surface temperature distribution. 



Chapter 6 Infrared Sensing for an Adaptive Arc Welding Process 1£5 

Figure 6.6 shows temperature versus distance from the thermal images to calculate the 

width of the temperature peak by measuring the profile width at the temperature 

midway between the peak and background temperature, its unit is called an "isotherm 

unit" [AGA (1983)1]. 

t 
a 

s 

Distance • 

Figure 6.6 Diagram showing thermal scan characteristics used. 

In the first experiments, the three welding process parameters (arc current, welding 

speed and welding voltage) were varied independently. Other welding process 

parameters were held constant during the each experiment. The results of experiment 

were given in Appendix C and figures 6.7 to 6.18. Figure 6.7 shows the relationship 

between arc current and isotherm radii. The average isotherm radii were calculated by 

taking the average of all measured values with the same arc current for a 5 mm and 10 

mm thickness of mild steel test pieces respectively, but without considering the effects 

of welding speed and welding voltage. It can be seen here that as arc current 

increases, the isotherm radii also increases. The relationship between arc current and 

weld bead width shown in figure 6.8 indicates that there is an increase in weld bead 

width with an increase in arc current. Weld bead widths were produced by taking the 
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average of all values for welds deposited with the same arc current for 5 mm and 10 

mm thickness of mild steel test pieces respectively, but ignoring the effects of welding 

speed and welding voltage. When a higher arc current is employed, a higher weld 

bead height is achieved as can be shown in figure 6.9. The average weld bead heights 

were found by taking the average of all measured values with the same arc current for 

5 mm and 10 mm thickness of mild steel test pieces respectively, without taking 

account of the effects of welding speed and welding voltage. The relationship 

between isotherm radii and weld bead geometry is shown in figure 6.10, which 

indicates that there is an increase in weld bead geometry as isotherm radii increases. 

The relationship between welding speed and the isotherm radii is represented in figure 

6.11. The average isotherm radii were computed by taking the average of all 

measured values for welds deposited with the same welding speed for 5 mm and 10 

mm thickness of mild steel test pieces respectively, but without considering the effects 

of arc current and welding voltage. It is evident that as welding speed increases the 

isotherm radii decreases. The relationship between welding speed and weld bead 

width shown in figure 6.12 represents that there is a decrease in weld bead width with 

an increase in welding speed. Weld bead widths were produced by taking the average 

of all values for welds with the same welding speed, ignoring the effects of arc current 

and welding voltage. When a higher welding speed is employed, a lower weld bead 

height is achieved as seen in figure 6.13. The average weld bead heights were found 

by taking the average of all measured values with the same welding speed for 5 mm 

and 10 mm thickness of mild steel test pieces respectively, but without taking account 

of the effects of arc current and welding voltage. 
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Figure 6.7 Arc current versus isotherm radii. 
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The relationship between isotherm radii and weld bead geometry is presented in figure 

6.14, which shows that there is an increase in weld bead geometry as isotherm radii 

increases. 

Figure 6.15 displays the relationship between welding voltage and the isotherm radii. 

The average isotherm radii were adjusted by taking the average of all measured values 

with the same welding voltage for 5 mm and 10 mm thickness of mild steel test pieces 

respectively, but without considering the effects of arc current and welding speed. It 

is apparent from figure 6.15 that the isotherm radii also increases as welding voltage 

increases. The relationship between welding voltage and weld bead width shown in 

figure 6.16 depicts an increase in weld bead width with an increase in welding 

voltage. The average weld bead widths were produced by taking the average of all 

values for welds deposited with the same welding voltage for 5 mm and 10 mm 

thickness of mild steel test pieces respectively, but ignoring the effects of arc current 

and welding speed. When a higher welding voltage is employed, a lower weld bead 

height is achieved as seen in figure 6.17. Weld bead heights were produced by taking 

the average of all measured values for welds deposited with the same welding voltage 

for 5 mm and 10 mm thickness of mild steel test pieces respectively, but ignoring the 

effects of arc current and welding speed. The relationship between isotherm radii and 

weld bead geometry is shown in figure 6.18, which indicates that there is an increase 

in weld bead width as isotherm radii increases, while weld bead height decreases 

when isotherm radii increases. 

In the second experiments, Appendix C show the variations in arc current and the 

isotherm radii for both 5 mm and 10 mm plate thickness respectively. Different arc 

current were employed to produce the variation in weld bead dimensions. Figure 6.19 

depicts arc current versus isotherm radii for 5 mm and 10 mm thickness measured 

using computer imaging analysis. 
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(b) Arc position - off seam 

Figure 6.24 Temperature versus distance profiles. 

As shown in figure 6.19, there is a linear relationship between arc current and 

isotherm radii. Results relating arc current to weld bead width and height are 

illustrated in figures 6.20 and 6.21 for 5 mm and 10 mm thickness respectively. It is 

evident that a linear relationship existed between process output parameters and the 

welding current input variation when primary process input parameters such as 

welding voltage and welding speed were kept constant. 

The thermographic profile measurements of the same welds are shown in figures 6.22 

and 6.23. Here, welding output parameters are plotted against the isotherm radii 

measured for 5 mm and 10 mm thickness of mild steel specimens respectively. A 

linear relationships obtained suggested that adaptive control of weld bead shape and 

size can be achieved during the robotic arc welding process. 
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Further experiments on close fit butt welds using the same process parameters 

revealed that seam tracking can be also achieved (figure 6.24). Isothermal contours 

obtained during welding of these specimens indicated that a leading spike on the 

thermographic profile is presented during the welding which indicates the seam path 

direction. Aligning the pointing direction of this isothermal spike with the reference 

point from where the isothermal radii were obtained can lead to the correct placement 

of the weld on the seam. Although the potential of the technique for adaptive control 

during robotic arc welding has been proved, future research and development work is 

needed to assess its viability. 

6.4 SUMMARY OF RESULTS 

1. Experimental results show that both weld bead geometry and thermal images 

from infrared thermography are affected by welding process parameters (arc 

current, welding speed and welding voltage). 

2. Thermal image, weld bead width and height increase with an increase in arc 

current. 

3. An increase in the welding speed results in a decrease in thermal image, weld 

bead width and height. 

4. Thermal image and weld bead width increase with an increase in welding 

voltage, while weld bead height decreases as welding voltage increases. 

5. Infrared thermography may be appropriate for adaptive control of weld bead 

width and height during the GMAW process. 

6. A linear relationship exists between the isotherm radii produced during the 

GMAW process and the weld bead width as well as the weld bead height. 

7. Adaptive control using infrared thermography may be achieved with the 

development of appropriate computer interface with both the welder control and 

the technique used for infrared thermography. 
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CHAPTER 7 

CONCLUSIONS 

7.1 CONCLUSIONS 

The complete mathematical models to predict welding process parameters on the 

required weld bead dimensions and to investigate the effects of weld process variables 

on the weld bead geometry for the GMAW process have been achieved in this research 

by the separation of theoretical studies and empirical findings, and the following 

conclusions reached: 

1. Mathematical models are able to predict the welding process parameters required 

to achieve desired weld bead geometry and weld criteria, help the development 

of automatic control system and expert system and establish guidelines and 

criteria for the most effective joint design. 

2. Results have demonstrated that empirical equations can find the interrelationship 

between welding process parameters (wire diameter, gas flow rate, welding 

speed, arc current and welding voltage) and weld bead geometry (weld bead 

width, weld bead height, weld bead penetration, weld penetration shape factor, 

weld reinforcement shape factor, weld bead total area, weld bead penetration 

area, weld bead reinforcement area, weld bead dilution, length of weld bead 

penetration boundary and length of weld bead reinforcement boundary) for the 
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GMAW process. Gas flow rate shows no significant effect on the weld bead 

dimensions except weld bead height. 

3. Weld bead geometry can be expressed in terms of welding process parameters 

using empirical equations obtained by statistical analysis, with the help of a 

standard statistical package program SAS. The comparison with values of 

coefficient of multiple correlation for curvilinear, polynomial and linear 

equations presents no differences, which indicates that all equations are 

reasonably suitable. 

4. A transient 2D mathematical model for prediction of the temperature and 

velocity fields in weld pools for the GMAW process was developed. The 

computed results show the significant influence of convective heat transfer on 

the development of weld pools. The model was also able to predict the effects 

of various welding process parameters on the mean weld pool dimensions with 

reasonable accuracy. 

5. According to figures 6.19 to 6.23, it can be concluded that the infrared 

thermography and the machine vision sensing have shown to control the weld 

bead width and weld bead height during die GMAW of AS 1204 mild steel 

plates. It was also found that the width of the thermal line scan was directly 

proportional to the weld bead width and weld bead height. Adaptive control 

using infrared thermography may eventually be achieved with the development 

of appropriate computer interface with both the weld control and the technique 

employed in infrared thermography. 

7.2 SUGGESTIONS FOR FUTURE WORK 

The work carried out in this thesis was mainly aimed at the development of 

mathematical models for the automated and/or robotic welding system. The following 

are summaries of major work identified for future research. 
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1. The empirical formulae based on experimental results are valid for current 

welding process parameters and welding bead geometry. It is proposed that the 

these equations are extended to multipeds welds, shielding gas composition, 

weld joint position, polarity and many other parameters which are not included 

in this research. 

2. 3. In this work the weld pool was modelled independently of the weld arc and 

the Gaussian heat and current distributions were applied as boundary conditions 

for flat surface. It is well known that the measured heat and current fluxes is not 

a trivial matter, and can be complicated if the free surface deforms. To 

overcome these problems, a fundamental approach would be to model the arc 

directly using fundamental transport equations. Such methods involve the 

simultaneous solution of the continuity, momentum, energy, and Maxwell's 

electromagnetic equations. Temperature distribution, velocity profile, anode 

heat and current fluxes in the welding arc should be determined through the 

governing equations. The results from the welding arc will be served as 

boundary conditions for weld pools so that the weld pool characteristics such as 

surface temperature and weld bead geometry can be predicted from a identical set 

of governing equations. Virtually, a mathematical model to simulate the heat and 

fluid flow phenomena for the GMAW process must be coupled with the welding 

arc and weld pools. In this method, a comprehensive mathematical model of the 

GMAW process is described from the welding process variables through the 

coupling of the welding arc with weld pools. 

3. It is desirable to interface the existing infrared display unit directly to the image 

analysis software in order to establish a closed loop feedback control system and 

to minimise possible errors from uncontrolled variations. Figure 7.1 presents 

the appropriate layout. 
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Figure 7.1 The feedback control system. 

Research towards accomplishing this would be a worthwhile effort. 
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APPENDICES 

Appendix A: Experimental Data for Weld Bead Geometry 

Table A. 1 Welding Process Variables and Limits (As used in Chapter 3) 

Variable 

Wire diameter 
Welding voltage 
Welding speed 
Arc current 

Unit 

mm 
Volts 
cm/min 
Amps 

Level 
Low 

1.2 
20 
25 
180 

Middle 

25 
33 
260 

High 

1.6 
30 
41 
360 

Coding 
Low 

0 
0 
0 
0 

Middle 

1 
1 
1 

High 

1 
2 
2 
2 

Table A.2 Design Matrix and Treatment Combinations (As used in Chapter 3) 

Number of trial 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

Wire diameter 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Welding voltage 

0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
2 
2 
2 

Welding speed 

0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 

Arc current 

0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
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23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

0 
0 
0 
0 
0 

2 
2 
2 
2 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 

1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 1 

Table A. 3 The Results of Experiment (As used in Chapter 3) 

No. of trial | Weld bead width 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

9.65 
12.12 
13.71 
8.96 
11.38 
13.00 
8.08 
9.27 
10.30 
12.56 
13.04 
14.56 
10.09 

Weld bead height 

3.43 
4.18 
5.39 
2.91 
4.04 
5.09 
2.75 
3.25 
4.64 
2.80 
3.49 
4.92 
2.79 

Weld bead penetration 

2.04 
3.53 
6.68 
1.82 
2.89 
5.42 
1.84 
2.97 
4.13 
2.12 
3.43 

! 5.93 
1.78 
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14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 

12.46 
14.20 
10.12 
10.22 
13.10 
14.20 
16.50 
15.36 ! 
13.45 
15.75 
14.70 
10.91 
11.40 
14.10 
12.49 
13.07 
14.26 
10.37 
11.49 
13.83 
8.94 
10.92 
12.35 
13.73 
16.05 
18.00 
11.76 
12.82 
15.35 
11.03 
11.94 
13.45 
16.20 
17.63 
20.06 
14.08 
15.48 
18.47 
12.55 
14.25 
16.83 

2.95 
4.52 
2.45 
3.02 
4.26 
2.09 
3.06 
2.64 
2.52 
2.58 
1.95 
2.20 
2.24 
2.95 
3.37 
3.51 
4.87 
2.38 
3.08 
4.65 
2.24 
2.92 
4.18 
2.57 
2.68 
4.02 
2.4 
2.98 
3.93 
2.18 
2.40 
3.39 
2.51 
2.78 
3.51 
2.30 
2.53 
3.74 
2.32 
2.81 

3.36 
5.34 
1.66 
2.34 
4.12 
2.12 
3.08 
6.25 
1.26 
3.05 
5.10 
1.81 
2.54 
5.81 
1.79 
2.67 
3.85 
1.75 
2.45 
3.40 
1.75 
2.67 
3.82 
1.94 
2.28 
4.00 
1.89 
2.53 
3.90 
1.80 
2.41 
3.32 
2.00 
2.83 
5.37 
1.66 
2.53 
4.50 
1.14 
2.33 

4.93 5.14 
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Appendix B: Experimental Data for Mathematical Models 

Table B.l Welding Process Parameters and Limits (As used in Chapter 4) 

Parameter 

Wire diameter 
Gas flow rate 
Welding speed 
Arc current 

Welding voltage 

Symbol 

D 
G 
S 
I 

V 

Unit 

mm 
£ 

mm/min 
A m p 

Volt 

Limits 

0.9, 1.2, 1.6 
6, 10, 14 
250, 330, 410 
90, 190, 250 
180, 260, 360 
20, 25, 30 

y 

Table B.2 Design Matrix (As used in Chapter 4) 

No. of trial 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

D G 
0 
0 
0 
0 | 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 

0 1 
0 
0 
0 
o 
o I 
0 
0 
0 

2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
0 
0 
0 

S I 

0 
0 
0 
1 
1 
i ! 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 

0 
1 
2 
0 
1 
2 
0 
1 
2 
o ! 
I 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 

V 
0 
2 
1 
2 
1 
0 
1 
0 
2 
2 
1 
0 
1 
0 
2 
0 
2 
1 
1 
0 
2 
0 
2 
1 
2 
1 
0 
2 
1 
0 
1 
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32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 

2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 

1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 
0 
0 
0 
1 
1 
1 
2 
2 
2 

1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
0 
1 
2 
o 
1 
2 

0 
2 
0 
2 
1 
1 
0 
2 
0 
2 
1 
2 
1 
0 
0 
2 
1 
2 
1 
0 
1 
0 
2 
1 
0 
2 
0 
2 
1 
2 
1 
0 
0 
2 
1 
2 
1 
0 
1 
0 
2 
2 
1 
0 
1 
0 

1 2 
0 
2 
1 
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Appendices 

Appendix C: Experimental Data for Infrared Sensing 

Table C. 1 Welding process parameters for experiment (As used in Chapter 6) 

No. of 
Trial 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Thickness 
(mm) 

5 

5 

5 

5 

5 

5 

5 

5 

10 

10 

10 

10 

10 

10 

10 

10 

Arc current 
(A) 

150 

150 

150 

150 

240 

240 

240 

240 

150 

150 

150 

150 

240 

240 

240 

240 

Welding speed 
(cm/min) 

25 

25 

33 

33 

25 

25 

33 

33 

25 

25 

33 

33 

25 

25 

33 

33 

Welding 
voltage (V) 

20 

25 

20 

25 

20 | 

25 

20 

25 

20 

25 

20 

25 

20 

25 

20 

25 

Table C.2 Measured isotherm radii and weld bead geometry (As used in Chapter 6) 

No. of 
Trial 

1 

2 

3 

4 

5 

6 

7 

8 

Isotherm Radii 
(isotherm unit) 

0.087 

0.113 

0.083 

0.091 

0.113 

0.125 

0.101 

0.116 

Bead width 
(mm) 
8.96 

11.59 

8.08 

9.57 

11.63 

14.80 

9.98 

12.35 

Bead height 
(mm) 
2.55 

2.39 

2.46 

1.87 

3.72 

3.17 

3.64 

2.8 
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9 

10 

11 

12 

13 

14 

15 

16 

0.085 

0.108 

0.079 

0.094 

0.100 

0.148 

0.103 

0.127 

8.36 

11.09 

7.41 

9.51 

10.54 

13.89 

9.34 

12.56 

2.57 

2.05 

3.22 

1.86 

4.33 

3.26 

3.95 

3.14 

Table C.3 Measurement of weld process parameters for 5 m m mild steel plates (As 

used in Chapter 6) 

No. of Trial 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Arc current 
(A) 

150 

160 

170 

180 

190 

200 

210 

220 

230 

240 

Isotherm radii 
(isotherm unit) 

0.103 

0.107 

0.107 

0.109 

0.113 

0.118 

0.121 

0.122 

0.125 

0.129 

Bead width 
(mm) 

5.20 

5.46 

6.08 

6.10 

6.52 

6.68 

7.00 

7.02 

7.64 

7.96 

Bead height 
(mm) 

1.36 

1.40 

1.42 

1.58 

1.62 

1.70 

1.72 

1.88 

1.88 

1.92 

Table C.4 Measurement of weld process parameters for 10 m m mild steel plates 

(As used in Chapter 6) 

No. of Trial 

1 

2 

3 

4 

Arc current 
(A) 

150 

160 

170 

180 

Isotherm radii 
(isotherm unit) 

0.093 

0.097 

0.099 

0.100 

Bead width 
(mm) 

4.86 

5.66 

5.74 

6.50 

Bead height 
(mm) 

0.80 

0.98 

1.18 

1.28 
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5 

6 

7 

8 

9 

10 

190 

200 

210 

220 

230 

240 

0.102 

0.104 

0.110 

0.118 

0.119 

0.121 

6.88 

7.28 

7.50 

7.65 

8.08 

8.54 

1.52 

1.56 

1.70 

1.98 

1.98 

2.02 


