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Abstract 
 

Manufactures in fabrication industry have long depended on Gas Metal Arc welding as one of 

the most reliable and economical techniques for joining parts. The need for reducing costs 

and addressing a skills shortage on the shop floor, often limits productivity in the 

manufacturing industry involving welding. Developing a welding procedure for instance, 

involves a lot of time and cost, and currently there is a gap in welding industry where few 

available methodologies can predict even the basic features of weld geometry based on input 

parameters. To provide a methodology for prediction, the aim of this thesis focusses on 

developing a statistical model for the weld inputs and outputs in the Gas Metal Arc Welding 

process to predict the various geometries of the weld bead. To study the effect of welding 

process parameters—such as wire feed speed, voltage, travel speed and gas type—on the 

resultant bead geometry such as bead width, penetration, reinforcement height, reinforcement 

area and penetration area a factorial design of experiment was used. Low carbon electrode 

(ER 70S-6) of two different diameters was used, and a total of 242 welds were made with 121 

for each wire diameter. Two cross sections were cut from each weld bead and the geometries 

were measured, and a linear regression analysis was performed to develop a statistical model 

for each of the bead geometry based on experimental data. Analysis of variance (ANOVA) 

indicated the significant squared and interaction variables for each of the bead geometry with 

95% confidence interval. The trends of geometry for each diameter varied with gas type. 

Residual analysis revealed that all assumptions inherent in the regression analysis were 

satisfied. Finally the statistical models were validated in bead on plate, fillet and V-groove 

joint positions. A total of 8 fillet tests and 5 groove tests were performed for both the wire 

types and it was found that predicted values were in good agreement with the measured 

values for bead on plate and fillet conditions, whereas welds with a V-groove joint geometry 
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had a significantly under-predicted penetration area due to increased heat transfer and faster 

cooling down of weld with a higher equivalent sample thickness. 
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Chapter 1. Introduction 

1.1 History of Welding 

Ever since the industrial revolution, the manufacturing industry has been undergoing 

rapid changes and continues transforming the way that products are manufactured and 

produced today. Modern manufacturing is driven by automation with advancement in 

technologies such as robotics, artificial intelligence, and smart manufacturing, making the 

manufacturing of complex design streamlined with increased efficiency and higher output. 

The welding and fabrication industry is an integral part of the manufacturing process, and 

has also undergone huge changes over the years. The earliest history of welding can be traced 

back to bronze age where welders produced weldments by applying pressure to join heated 

metals together. This technique was later expanded in late 1800’s with use of acetylene and 

oxygen gas to produce a hot flame capable of heating the metal to the melting point and 

enabling them to join [1]. This technique prevailed until the early 19th century, as a leading 

predecessor to the first electric arc welding process, i.e. Shielded Metal Arc Welding 

(SMAW), where a carbon coated electrode is used. The need for better techniques for joining 

emerged in the aircraft industry during World War II for joining aluminium and magnesium 

to produce parts faster, easier and with better metallurgical characteristics. This led to new 

methods where electric current was used replacing oxygen-fuel torches to heat up the metal 

by producing an electric arc with an electrode shielded by inert gas [2]. Some of the earliest 

arc welding systems and procedures developed include Submerged Arc Welding (SAW) 

where an arc is submerged by a layer of flux, and Tungsten Inert Gas (TIG) welding which 

has a tungsten electrode producing an electric arc covered with a shielding gas without any 

filler metal involved [1]. The successor to this was Gas Metal Arc/ Metal Inert Gas Welding 



2 
 

(GMAW/MIG) which uses a consumable electrode as a filler metal to produce an electric arc. 

The latest research and developments in the field of welding aim to address the demand for 

better welding technology for joining complex materials and shapes, and has led to the 

discovery of laser and electron beam welding to melt and join the metals. Other methods such 

as friction welding have subsequently emerged for joining materials like aluminium and 

copper which are more sensitive to heat or difficult to heat locally. 

 Nowadays, the welding industry has evolved with better welding equipment and the 

development of integrated/solid-state circuit technology. The control circuits are embedded 

into the latest equipment and coupled with mechanization and numerical control, offering 

increased arc and puddle control along with the availability to use a wide range of 

consumables, and provides broader choice for a particular application along with higher weld 

quality. These advances represent leading edge technology, and resulted in significant 

changes in the field of welding and fabrication industry, making it the essential technique for 

joining in manufacturing process. The modern application of welding reaches all metal 

fabrication industry sectors from structural, automotive, aerospace, rail, naval, energy, 

electronics, pipelines, offshore structures, pressure vessels, and heavy industrial machinery. 

For example, Figure 1 shows a pipeline being constructed in Alberta, Canada where multiple 

pipes are welded together to create a pipeline system for transporting natural gas thousands of 

kilometers [44], highlighting the importance of welding process in today’s world.  A recent 

study conducted in 2016 by Allied Market Research [3] has found that arc welding processes 

account for the highest share of industrial use in terms of both volume and revenue 

generation due to its low cost and flexibility for different materials and joint designs. These 

processes include Gas Metal Arc Welding (GMAW), Shielded Metal Arc Welding (SMAW), 

Flux Cored Arc Welding (FCAW), and Gas Tungsten Arc Welding (GTAW), and Submerged 

Arc Welding (SAW) as the most popular procedures utilized in the fabrication industries.  
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Figure 1 Typical pipeline being joined together for transporting oil [44]  

1.2 Motivation 

Arc welding is one of the most widely used welding processes for joining not only 

due to the high flexibility, but also higher deposition efficiency, weld quality, and low cost 

compared to other processes.  Even though arc welding has been used in joining process for 

various applications for almost half a century, there is still a lack of information or reliable 

data for welders to predict the outcome of the weld bead geometry for a specific parameter 

selected. To this date, there still remains a considerable challenge if one aims to predict even 

basic features of the weld pool, such as the dimensions of the weld geometry. In many cases 

welding engineers need to design a joint with a fixed geometry and would like to predict 

whether a weld bead will cover a prescribed width or penetrate a required depth. In most 

cases this is simply achieved in the field by experience, typically based on welding 

procedures for joint designs with comparable geometry, or by performing several trials, 

which is both costly and time consuming. 

  To overcome this lack of available information for predicting the characteristics of 

weld bead geometry, the aim of this study is to develop a statistical model of how the 
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geometry of the bead varies with different combinations of parameters and gas types during 

GMAW. This statistical model for welding bead measurements correlates welding parameters 

to their outputs, such as width, depth of penetration, reinforcement height, penetration area, 

reinforcement area, dilution ratio, deposition rate and efficiency, average current, heat input 

and other measurements, that can be used by welders and engineers to answer simple 

questions like whether the fusion zone area would be sufficient for joining two pieces using 

the selected parameters.  

Developing this information requires performing a number of welds using different 

wire sizes and materials. The collected data obtained from these experiments would represent 

a wealth of information, and would be highly useful to a variety of users from welders, 

welding engineers, students, and researchers.  This information would help to make better 

choices about welding parameters, and to gain a better understanding of how the welding 

process will affect their resulting outputs.   

 From a research point of view, developing this information would require the 

application of statistical models, an understanding how the significant parameters control the 

geometry of the bead, and the most important parameters along with their interaction effects. 

From application standpoint of view, the information generated would enable one to predict 

the basic geometry of the bead, calculate and predict the number of number of passes 

required for filling a groove, and other important features such as estimating the cost for 

welding process based on the input parameter selected by the user. This information can be 

further developed into a large database for different processes, which would be tremendously 

useful to a wide range of people in the welding field, and significantly reduce the amount of 

time and effort in developing welding procedures. 
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1.3 Objective 

The primary objective of this research is to study the effect of welding parameters and 

to provide a method for predicting the output bead geometry during GMAW. To-date, few 

experimental studies have captured the role of welding parameters and shielding gas type in 

GMAW, or the effect of changing inputs and their interaction effects on the corresponding 

bead geometry. For example, the gas type is known to have an influence weld bead shape and 

penetration, and wire feed speed is also known to directly influence penetration, but the 

overall effect when both parameters are simultaneously changed has not been studied. To 

obtain the primary goal stated above, following sequence of experimental work and analysis 

were performed as part of this thesis: 

1. Design and execute a comprehensive experimental study to evaluate the effects of 

different welding parameters such as wire feed speed, voltage, travel speed and gas 

type on weld bead geometry in gas metal arc welding using ER 70S-6 welding wire of 

two different diameters. 

2. Develop statistical model through regression analysis, to establish the degree to which 

welding parameters and their interaction effects control the various weld bead 

dimensions, such as width, penetration, reinforcement height, reinforcement area and 

penetration area.  

1.4 Past Work 

Some methods have been explored to develop tools for predicting weld bead 

geometry based on statistical models from experimental data. Some of the methods which 

have been used in prior efforts to model arc welding processes include: factorial design of 

experiment (DoE) technique for predicting geometry in SAW [29]; predicting the output of 

optimized weldments in SAW based on Taugichi’s L25 orthogonal array [30]; welding bead 
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geometry prediction for obtaining an optimal bead geometry based on input parameters in 

GTAW using on Taugichi’s orthogonal array technique [31]; and response surface 

optimization using a four factor, five level central composite rotatable design matrix  for 

predicting weld bead geometry based on input parameters in SAW [32]. Another popular 

method for developing a predictive process model has involved the use of neural networks, 

and examples of these have been developed for SMAW using back-propagation method for 

estimating the weld bead width and penetration geometric parameters [33], and prediction of 

weld bead geometry in the pulsed GMAW process using the back-propagation algorithm 

[34]. These methods are useful in providing tools which can be applied by welding engineers 

to design joints, or implemented in automated systems to progress towards closed loop 

control of welding process in SAW, GTAW and GMAW.  

There are also some slide-rule based tools and apps provided by several welding 

equipment manufacturers such as Lincoln Electric™, Miller Electric™, Fronius ™ which 

provide some basic information such as current/Wire Feed and Voltage range for specific 

range of transfer modes along with information about which materials and process to suit for 

a given welding application. Figure 2 shows a basic weld scale tool provided by Miller 

Electric to determine the current range and is based on basic input parameters which are 

recommend for different sized electrodes [35]. The welding app from Lincoln Electric shown 

in Figure 3 is available on Google Play [4] for Android devices, with a similar app from 

Miller Electric’s [5] and Fronius shown in Figure 3 [6]. Each of these provide users with the 

ability to quickly calculate values based on the inputs, however detailed output features such 

as predicted weld bead size are not given.  
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Figure 2 Millermatic Calculator, Miller Electric™ [35] 
 

   

Figure 3 Screen shots from the Lincoln Electric “Weld Parameter Guide app” and Fronius “ Weld Wizard App” [4, 6]. 
 

There is still much room for improvement and additional features in these welding 

apps. These apps primarily provide some guidelines about the basic recommended settings 

for welding, similar to the manufacturer information datasheet for each wire electrode. It does 

not provide examples of the output that will be obtained, any details about the size of the 

weld and so on.  The statistical data developed from this study will provide a resource with a 

far richer supply of information regarding the welding outputs. This will provide a major 

advantage over other current available data since there will be a wide range of welding 

conditions and greater details offered. 
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1.5 Thesis Organization 

The introduction chapter has briefly discussed about the currently available 

methodology for selecting the parameter for welding and predicting the outcome of the weld 

bead geometry in GMAW, however these available methods cannot be applied to wide range 

of parameters and different wire types. This thesis discusses the development of welding data 

for predicting the bead geometry in GMAW, and the chapters included focus on the 

following:  

Chapter 2 presents the background with theories and principle around the GMAW process, 

the effect of different process variable on arc and output characteristics, transfer modes 

associated with the parameter, fluid flow and other mechanism occurring inside the weld pool 

and statistical methods followed for analyzing the data. 

Chapter 3 discusses the experimental set-up and procedure, materials and consumables used, 

experimental design used to perform the study, the welding parameters chosen for the design 

and methodology for measuring the post-weld geometry of weld bead. 

Chapter 4 mainly discusses the experimental results for different wires and wire diameters 

along with statistical analysis, parameters and their interaction effects, model verification and 

other key results obtained from this study. 

Finally, Chapter 5 outlines the conclusions obtained in this study based on the experimental 

results and statistical analysis performed, along with future work to be performed related to 

this study.   
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Chapter 2. Background 

This chapter provides a background behind the Gas Metal Arc Welding (GMAW) process 

and important welding process variables, how they affect the welding and bead 

characteristics overall, along with an explanation of heat and fluid flow mechanisms 

happening inside the weld pool during the welding process. A precursor to background about 

design of experiments and statistical analysis is provided in later sections of this study.  

2.1 Gas Metal Arc Welding (GMAW) 
 

2.1.1 Working principles of GMAW 

GMAW is one of the most commonly used process for joining metal. The basis 

behind heat generation in this process is Joule’s law of heating, where an applied electric 

current produces heat due to resistance across an electric arc, which heats the filler metal and 

base metal to form a weld pool. This molten metal is protected from oxidation from the 

surrounding atmosphere by a cover of inert shielding gas. 

In the GMAW process, a wire is fed continuously from spool, during which an 

electric arc is established between the base metal and this wire. The schematic in Figure 4 

shows the schematic of the GMAW process. The heat of the electric arc melts part of the base 

metal and filler metal (wire). As a result, the melted metal transfers from the wire to the weld 

pool on the plate, which on cooling forms a weld bead as shown in Figure 5. In addition, the 

weld torch is surrounded and covered by a shielding gas so as to protect the melted weld pool 

from outside surrounding thus preventing porosity.  
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Figure 4 Gas Metal Arc Welding (GMAW) process [16] 

 

 

Figure 5 Weld bead made by Gas Metal Arc Welding  

2.1.2 GMAW Process Variables  

In GMAW, the selected welding parameters control the geometry of the bead, metal 

droplet transfer mode, stability of the arc, bead quality, and overall weld properties. A 

number of past studies have identified the significant parameters controlling the geometry of 
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bead [18, 19, 29, 32, and 33]. The prior studies have found that the penetration and 

reinforcement height of the weld increases with increases in wire feed speed, but width 

remains unaffected, while increasing voltage will increase the arc length and produces a 

wider bead [26]. Wire feed speed, which is related to welding current determines the amount 

of metal deposited affecting the reinforcement height and penetration of weld, and is most 

directly correlated to the arc current [18]. The process parameters which are critical to the arc 

characteristics also determine the resulting bead geometry such as width, depth, 

reinforcement height, and area. Some of these weld parameters have a greater influence than 

other on specific weld bead geometry and the effects of this parameter are explained as 

follows. 

2.1.3 Wire feed Speed 

Wire feed speed is the amount of filler metal fed into the weld pool, and is usually 

expressed in 
௠

௠௜௡
  or  

௜௡

௠௜௡
 .  In constant voltage (CV) welding process wire feed rate is directly 

related to the current passing through the arc, where the internal circuitry of the welding 

equipment selects appropriate current in CV mode to melt the wire depending on the selected 

wire feed speed.  

 

Figure 6 Relationship between Welding current and wire feed speed for different carbon electrode diameters [17] 
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The Figure 6 shows the relationship between welding current and wire feed speed for 

different carbon steel electrode diameters. In general, with increases in current, the effect of 

the electromagnetic Lorentz force increases, resulting in deeper penetration of weld. The 

schematic in Figure 7 shows the effect of current on weld penetration, where it can be seen 

that weld penetration increases progressively with increase in current. There is also 

significant difference in current with electrode type used in welding. In general, tubular/cored 

wires promote higher current density and have deeper penetration compared to solid wires. 

 

Figure 7 Effect of penetration on Bead penetration [18] 

2.1.4 Arc Voltage 

Voltage directly influences the arc length and size of arc cone, playing an important 

role in maintaining the arc between torch and work sample. The arc voltage is not linearly 

distributed along the arc, it is composed of three distinct regions, namely: anode, cathode and 

arc column regions, as shown in Figure 8 [22]. The anode and cathode voltage are extremely 

small regions; while the arc column is region where transfer of droplet and electrons occurs, 

and is formed by ionized plasma of shielding gas and vaporized metal, playing an important 

role in maintaining the arc [21, 23].  
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Figure 8 Voltage distribution inside an electric arc [22] 

Depending on arc length determined by the voltage, the size of plasma column varies, 

thereby affecting the size of arc cone.  Usually at lower voltage the voltage across arc column 

region is low, giving a smaller arc length and arc cone, and vice versa at higher voltage. 

Figure 9 schematically illustrates the relationship between arc cone size with arc voltage. 

 

      Figure 9 Effect of Voltage on Size of Arc cone and Arc length [19] 



14 
 

 
Figure 10 V-I Characteristics of welding equipment (CV mode) [19] 

Figure 10 depicts the V-I characters of welding equipment in CV mode. It can be seen from 

this figure that for a small variation in the voltage, there is a relatively larger variation in the 

current. Though the name CV suggests that voltage is constant, there is always a variation in 

voltage due to the relative resistance and inductance of the welding equipment. The power 

source i.e. welding equipment provides the required current to melt the wire feed rate at the 

specified pre-set voltage level. And during the welding process depending on the arc length, 

this voltage is slightly varied to produce a constant stable arc. Also the applied current during 

welding in CV mode varies greatly depending on specifics of V-I characteristics curve of the 

welding equipment used, as each equipment has unique and different V-I characteristics from 

each other one. 

2.1.5 Travel Speed 

Travel speed is the velocity at which the welding torch moves over the work piece 

during the welding process, and it is usually specified in units of 
௠

௠௜௡
  or 

௜௡

௠௜௡
. The travel speed 

of torch greatly affects both the width and penetration of the weld bead. When the torch 

travels faster, the amount of filler metal deposited per unit area and the heat input per applied 

per unit area will decrease, while at slower speed the amount of metal deposited and heat 

input is high which results in higher penetration and increased weld width. Figure 11 shows 
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three different welds of length 80mm, made at a constant wire feed speed 400 
௜௡

௠௜௡
 (10.16

௠

௠௜௡
), 

and voltage of 26V, but with three different travel speeds, being 16, 24, and 32 
௜௡

௠௜௡
 (0.41, 

0.61 and 0.81
௠

௠௜௡
) respectively. 

 

Figure 11 Effect of Travel speed on bead geometry (Bead length: 80mm) 

2.1.6 Shielding Gas  

Type of shielding gas used plays an important role in geometry of weld bead. Some of 

the most commonly used gases in GMAW are Ar, CO2, He, O2. Often the gasses are blended 

with each other to provide better arc stability and more effective shielding. Table 2-1 shows 

the properties of commonly used shielding gas [20, 50]. 

Table 2-1 Properties of Gas [50] 

Gas 
Ionization potential 

(𝑒𝑉) 

Thermal Conductivity at 

300K (
ௐ

௠௄
) 

Thermal Conductivity at 

600K (
ௐ

௠௄
) 

Argon (Ar) 15.7 0.018 0.030 

Carbon di-oxide 
(CO2) 

14.4 0.017 0.042 

Helium (He) 24.5 0.155 0.252 

Oxygen (O2) 13.2 0.027 0.048 
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Differences in ionization potential explain the relative ease with which a gas can be 

ionized. Arc initiation is easier with gases having lower ionization potential as they require 

less energy to be ionized compared to higher ionization potential ones. Another important 

factor is the thermal conductivity of a gas. Gasses with higher thermal conductivity have 

higher arc temperature, which can transfer more energy to the workpiece, resulting in greater 

penetration compared to gas with lower thermal conductivity [16, 19]. Another influential 

factor in determining the output character of a bead is the gas flow rate. Lower gas flow rates 

may produce an unstable arc resulting in spatter and defects in weld, and above a certain 

limiting point, the rate of gas flow does not significantly affect the bead geometry [27, 28]. 

2.1.7 Polarity 

Polarity specifies the way electric current flows through circuit during the welding 

process. The direction of current can be changed depending on terminals of electrode, with 

three possible polarities namely DCEN, DCEP, and AC each having unique characteristics. 

In Direct Current Electrode Negative (DCEN) mode, the electrode is connected to the 

negative terminal of the power supply, and the sample is connected to positive terminal. The 

electrons flow from electrode to sample, while current flows in opposite direction. In DCEN 

mode, a higher energy is required electrons to release an electron from the electrode due to 

the work function of the material, and hence less energy is released onto work sample 

resulting in shallow weld penetration [16]. In Direct Current Electrode Positive (DCEP) 

mode the electrode is connected to positive terminal and the workpiece is connected to the 

negative terminal of the power supply. The current flows from electrode to sample, and a 

large amount of energy is released onto work sample, leading to a higher penetration (deeper 

welds). In AC mode, the direction of current and electrons are alternating, and this gives an 
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intermediate penetration a compromise between DCEP and DCEN modes. The Figure 12 

below shows different polarity modes during arc welding.   

 

Figure 12 Polarities in Welding modified from [16] 

2.1.8 Electrodes 

The electrode used in welding process plays an important role in the structural 

integrity, quality and appearance of the weld joint. Electrodes used in welding are both 

consumable and non-consumable depending on the specific welding process. Welding using a 

non-consumable electrode may require an additional filler metal for deposition to fill a gap 

between two pieces, whereas with a consumable electrode, the electrode acts as filler metal 

and is deposited during the process. An example for this being Gas Metal Arc Welding 

(GMAW), while the former is Gas Tungsten Arc Welding (GTAW). 

In the case of GMAW, the consumable electrode used in the process is further 

categorised as plain solid wire, or cored (tubular) electrodes. The in contrast to simple solid 

wires, cored electrodes have powder metal and flux inside a crimped or seam welded fine 

tube. Solid wires are the most heavily used in welding because they are inexpensive 

compared to cored ones, but there are some advantages to cored electrodes over solid ones 

such as, facilitating better maintenance of arc, protecting the molten pool from oxygen in 

atmosphere, and providing a means of introducing metal alloys into the weld. In addition, 
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cored wires also offer higher deposition rate, higher current density, and better resistance to 

lack of penetration due to a wider penetration profile [7]. 

These electrodes are classified by the American Welding Society (AWS) which 

publishes the electrode classification index for different welding process based on electrode 

type, metallurgical composition of electrode filler metal, mechanical properties and usability 

characteristics of the electrode [13]. For example, carbon steel electrodes and rods used for 

GMAW are classified in the clause AWS A5.18/A5.18M:2005 which specifies different 

carbon electrodes along with the specification and properties which they should conform to 

[14]. 

2.1.9 Transfer Modes 

Transfer mode refers to mechanism by which the metal droplets are transferred from 

arc plasma to weld pool. There are three different modes of transfer in GMAW namely Short-

circuiting Globular and Spray transfer. The type of transfer mode occurring depends on both 

arc voltage and current, with voltage being the predominant factor controlling short 

circuiting, and current controlling the transfer from globular to spray transfer. Figure 13 

shows the range of voltage and current across which different transfer mode occurs.  

 

Figure 13 Metal droplet transfer modes in GMAW [18] 
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Short-circuit transfer occurs at a lower voltage and current range when the arc energy 

available at the torch is less than the rate at which wire is fed, causing the arc to extinguish. 

After the arc extinguishes current raises and the arc starts again and the cycle continues [21]. 

Globular transfer mode occurs at higher voltage and lower current region. In globular transfer 

mode, wire melted to form a droplet, and grows into a size close to or larger than the 

electrode diameter. After growing into a sufficient size they fall down into weld pool under 

the influence of gravity as discrete droplets with diameters larger than the diameter of the 

wire. Spray transfer mode occurs at high voltage and current range. At higher current, small 

discrete metal droplets (less than the wire diameter) travel across arc gap at higher frequency 

and speed than in globular mode under the influence of electromagnetic force, resulting in 

spray transfer [16, 18]. 

2.1.10 Fluid Flow theory 

A weld pool is created when metal droplets from arc plasma are deposited onto the 

base metal. Depending on current and voltage, a pressure is exerted by arc on weld pool and 

there are number of driving forces acting inside weld pool such as buoyancy force, 

electromagnetic force (Lorentz force), shear stress induced by surface tension and shear stress 

due to arc plasma jet [36-40]. These driving forces inside weld pool can highly influence the 

geometry of weld bead. Figure 14 below shows the effect of each driving forces inside weld 

pool, which will be discussed in the following sections. 
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Figure 14 Driving force for weld pool convection (a,b) buoyancy force; (c,d) Lorentz Force; (e,f) shear stress by surface 
tension gradient; (g,h) shear stress by arc plasma [16] 

2.1.10.1 Buoyancy Force 

Figure 14 (a, b) shows buoyancy force acting inside the weld pool. This force is 

caused due to difference in density inside weld pool, as the density of liquid metal decrease 

with increasing temperature [16]. The cooling rate is faster at point b on weld pool which is 

close to boundary compared to point a at the center. This faster cooling at the boundary forms 

a high density liquid at the edges, which leads to the molten flow to the central bottom of 

pool shown in Figure 14 a, while high temperature liquid with low density liquid at centre 

point a is pushed up due to buoyancy force created by the high density liquid metal [42]. The 

flow induced by buoyancy force is centrally outward and its magnitude is given by the 

equation [43], 
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                                                        𝑭𝒃  =  𝛃𝛒𝒈 (𝐓 − 𝑻𝟎)                                Equation (1) 

here 𝜌 is the density of liquid metal, 𝑔 is the gravity acceleration, 𝛽 is the thermal expansion 

coefficient, 𝑇 is the temperature of the liquid metal, and 𝑇0 is the reference temperature. 

2.1.10.2 Lorentz Force 

A current currying conductor produces a small magnetic field around it, and by 

Flemings Left hand rule, a force is induced perpendicular to the direction of magnetic field. 

This force is known as electromagnetic force, or Lorentz force, and its magnitude is given as, 

                     𝑭ሬሬ⃗ = 𝑱⃗ ∗  𝑩ሬሬ⃗                    Equation (2)                              
  

Where 𝐽 current density is vector and 𝐵ሬ⃗  is magnetic flux vector. This Lorentz force exerts a 

downward pressure on the weld pool and the liquid metal rises along the pool boundary and 

flows in circular inward direction as in Figure 14 d [40, 41].  

2.1.10.3 Shear Stress due to surface tension 

In general, the surface tension of a liquid metal decreases with increasing temperature. 

As stated before in 2.1.10.1, the temperature at the boundary of the weld pool is less 

compared the center where the arc is focused, and so the cooler liquid metal at point b has 

higher surface tension and pulls the warmer liquid metal at point a towards it as indicated on 

Figure 14 e.  This results in metal from center being pulled to edge and returned back down 

to due to difference in density, causing a circular inward motion in weld pool as shown in 

Figure 14 f [16, 40]. This surface tension force is also commonly known as Marangoni Force 

and its magnitude is given as [43], 

                                                                                                        𝑭𝒔 =
𝒅𝜸

𝒅𝑻
∆𝑻                                                          Equation (3) 

Here dγ is change in surface tension of liquid metal and dT is the difference in temperature 

from one point to another on the weld pool surface. 
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2.1.10.4 Shear Stress induced by arc plasma jet 

The arc plasma moving at high speed across the pool surface exerts an outward shear 

stress on surface of pool as shown in Figure 14 g, causing liquid metal at the center of the 

pool surface to flow toward the edge of weld pool, causing a circular outward motion of 

liquid metal as shown in Figure 14 h [16]. This force is also known as arc pressure exerted by 

moving arc plasma. 

Eisazadeh et al. [43] conducted a study on driving forces in weld pool and found that 

arc pressure (plasma jet) and buoyancy forces are often negligible compared to Lorentz and 

Marangoni force at currents greater than 100A, and at currents of less than 100A, buoyancy 

Lorentz and Marangoni forces are the three dominant forces controlling flow pattern. The 

Figure 15 below shows the comparative effect of each of these forces inside weld pool, 

 

Figure 15 Schematic diagram of direction of forces acting inside weld pool [43] 

 

2.2 Statistical Analysis 

2.2.1 Design of Experiments (DoE) design 

The Design of Experiments (DoE) technique of optimization is performed to identify 

the choice of experiments to be performed in an efficient methodology. DoE allows 

experimenter to plan, conduct, analyze and interpret controlled tests to evaluate independent 

factors based on the dependent factors that control the experiment [15]. Independent factors 

in an experiment are variables which are uncontrollable, while dependent factors are 

variables which can be controlled in an experiment by pre-setting the variables which affects 
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them. Based on number of independent factors selected for the study and range of their 

variability, the experimental design allows for experimenter to optimize the number of test to 

be performed depending on the scope of the experiment, time, cost and range of other factors 

[8]. 

 There are number of DoE techniques available for optimization depending on the 

statement of problem, choice of factors, level, range of variables, and selection of response 

variable [11]. Techniques such as Box-Behnken, Definitive screening, Plackett-Burman 

design and fractional-factorial design provide methods to optimize down the number of 

significant independent variables in an experiment by screening all the potential independent 

variables set by the experimenter. Once the final number of independent factor is set, designs 

such as Block design, Factorial design, or Taguchi method can be employed to optimize the 

number of runs to be performed [10].   

2.2.1.1 Full-Factorial Design 

A full-factorial design is a commonly used method in experimental design for 

studying response of every possible combination of independent factors and their levels. 

Depending on number of factors selected (n) and number of levels (k) for each factors in the 

design, the number of experimental runs (i.e. Sample size N) to be performed in this design is 

N=kn. The 2n and 3n factorial designs are the most commonly used, and Figure 16 shows a 33 

factorial design with 27 runs which is used in further in this study. The factors in a three 

factorial design are noted down as low, intermediate and high also represented by -1, 0, and 

+1.  
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Figure 16 A 33 factorial design with data points [10] 

The full-factorial design makes efficient use of data and do not confound the effects 

of parameter (i.e. possible to evaluate main and interaction effects clearly) [15], so it is a 

better choice for an experimenter concerned about curvature in the response function [9] [12]. 

On the other hand, the main limitation of this design is the sample size grows with number of 

parameters and levels. The Table 2-2 below shows a comparison of number of trial runs for a 

two and three level design with varying factors:  

Table 2-2 Number of experimental runs in full factorial design with different factors  

Number of Factors (n) 
Number of runs (N) 

k=2 k=3 

2 4 9 

3 8 27 

4 16 81 

5 32 243 
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2.2.2 Regression Analysis 

Regression analysis is a statistical method of measuring the relationship between two or 

more variables in terms of original unit of data. The intent of the analysis is to identify the 

effect of independent variable on dependent variable. Here the variable evaluated on based 

one other variable known as the dependent variable, while the other variable is called as 

independent variable. The type of regression analysis performed on data set can be 

categorized into linear and non-linear. Linear relationships are a straight line trend, while 

non-linear relationship represents curved trend lines whose equations are parabolic.  

A regression relationship is basically derived based on lines of regression which are 

drawn by the method of least squares [8]. The method based on the sum of least squares tries 

to fit a regression line such in a way that error/residual is minimum/zero, in order to give a 

best estimate of one variable for known value of another variable, i.e. for a given a set of data 

points in k+1 dimension (example for k=1, in 2D points as (x1, y1), (x2, y2)... (xn, yn)), we try 

to find the line (y=mx+c) whose slope is (m) and intercept is (c) such that the sum of the total 

distances between each individual point and the line measured perpendicular to the line 

direction is minimum. 

In a multiple-linear regression, the number of independent variable (x) related to 

dependent variable (y) may be more than two. Consider a multiple linear regression coded for 

a k independent variable x1,x2…xk and one response variable y for an n observation, this can 

be represented as,  

𝑦௜ =  𝛽଴  +  𝛽ଵ𝑥௜ଵ + ⋯ +  𝛽௞𝑥௜௞  + ∈௜, 𝑖 =  1,2,3 … . , 𝑛 

∈𝒊= 𝒚𝒊 − ( 𝜷𝟎  + 𝜷𝟏𝒙𝒊𝟏 + ⋯ +  𝜷𝒌𝒙𝒊𝒌) , 𝒊 =  𝟏, 𝟐, 𝟑 … . , 𝒏                                    Equation (4) 
          

Here, ∈i is the error term associated, while 𝛽଴, 𝛽ଵ.. 𝛽௞ are regression coefficients which 

describes the change in response in (y) with change in corresponding variable x. In method of 
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least squares, the value of 𝛽 is varied so as to find one which gives least residual for a 

specific point (xn,yn). The least square function is written as: 

𝐿 =  ∑ ∈௜
ଶ௡

௜ୀ଴    

𝑳 =  ∑ (𝒚𝒊 −  𝜷𝟎 − ∑ 𝜷𝒋𝒙𝒊𝒋
𝒌
𝒋ୀ𝟏 )𝟐𝒏

𝒊ୀ𝟎                   Equation (5) 

 

This function L should be minimized by adjusting the values of 𝛽଴, 𝛽ଵ.. 𝛽௞. The equation (2) 

is differentiate partially w.r.t to 𝛽଴, 𝛽௞ and set to zero (minimum function) to derive the least 

squares coefficient estimates 𝛽଴
෢, 𝛽ଵ

෢ … , 𝛽௞
෢. Applying the above conditions to equation (2), 

𝝏𝑳

𝝏𝜷𝟎
 = −𝟐 ∑ ൫𝒚𝒊 −  𝜷𝟎

෢ − ∑ 𝜷ଚ
෢ 𝒙𝒊𝒋

𝒌
𝒋ୀ𝟏 ൯𝒏

𝒊ୀ𝟎 = 𝟎                Equation (6)        

𝝏𝑳

𝝏𝜷𝒋
 = −𝟐 ∑ ൫𝒚𝒊 − 𝜷𝟎

෢ − ∑ 𝜷ଚ
෢ 𝒙𝒊𝒋

𝒌
𝒋ୀ𝟏 ൯ 𝒙𝒊𝒋

𝒏
𝒊ୀ𝟎 = 𝟎    , 𝒋 = 𝟏, 𝟐, 𝟑, … 𝒌             Equation (7)

         

The final simplified equation obtained from equation (3) & (4) is given below, [9] 

 𝑛𝛽଴
෢ + 𝛽ଵ

෢ ∑ 𝑥௜ଵ
௡
௜ୀ଴ + +𝛽ଶ

෢  ∑ 𝑥௜ଶ
௡
௜ୀ଴ + ⋯ + +𝛽௞

෢  ∑ 𝑥௜௞
௡
௜ୀ଴ = ∑ 𝑦௜

௡
௜ୀ଴   

 𝛽଴
෢ ∑ 𝑥௜ଵ

௡
௜ୀ଴ + 𝛽ଵ

෢ ∑ 𝑥௜ଵ
ଶ௡

௜ୀ଴       + 𝛽ଶ
෢  ∑ 𝑥௜ଵ𝑥௜ଶ

௡
௜ୀ଴ + ⋯ + 𝛽௞

෢  ∑ 𝑥௜ଵ𝑥௜௞
௡
௜ୀ଴ = ∑ 𝑥௜ଵ𝑦௜

௡
௜ୀ଴    

       .        .       .              .           .          
       .        .       .              .           .  

 𝛽଴
෢ ∑ 𝑥௜௞

௡
௜ୀ଴ + 𝛽ଵ

෢ ∑ 𝑥௜௞𝑥௜ଵ
௡
௜ୀ଴ + 𝛽ଶ

෢ ∑ 𝑥௜௞𝑥௜ଶ
௡
௜ୀ଴ + ⋯ + 𝛽௞

෢  ∑ 𝑥௜௞
ଶ௡

௜ୀ଴        = ∑ 𝑥௜௞𝑦௜
௡
௜ୀ଴    

The above systems of equations are known as least square normal equations. The 

solution for these normal equations will give the predicted regression coefficients 

𝛽଴
෢, 𝛽ଵ

෢ … , 𝛽௞
෢. With the predicted regression coefficients, the response variable 𝑦పෝ  can be 

predicted. Once the regression coefficients terms are estimated, they are tested for their 

means (t-test) to check if the terms are statistically significant.  

2.2.3 Analysis of Variance (ANOVA)  

 Analysis of variance is a statistical method to test for the variability between data by 

checking the homogeneity of their means. In regression, ANOVA is performed to test the 

level of variability within the regression model, and form a hypothesis based on level of 
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significance. The null hypothesis is that the fit of the intercept-only model (mean model) and 

the predicted model are equal, and the alternate hypothesis is the predictive power of 

intercept-only model is significantly less than the predicted model. The intercept-model is 

also known as constant mean model, uses the intercept or mean to predict the points. Table 

2-3 shows a general ANOVA table which is obtained on a regression analysis along with 

method of calculation which are summarized below.   

Table 2-3 ANOVA Table 

Source of 
variation 

DoF SS MSS F-Value P-Value 

Regression k-1 𝑅𝑆𝑆 = ෍ (𝑦పෝ − 𝑦)തതതଶ
௡

௜ୀ଴
 𝑀𝑆𝑅 =

𝑅𝑆𝑆

𝑘 − 1
 𝐹 =

𝑀𝑆𝑅

𝑀𝑆𝐸
 

𝐹(𝑘 − 1, 

𝑛 − 𝑘) 

Error n-k 
ESS=TSS-RSS 

𝑀𝑆𝐸 =
𝐸𝑆𝑆

𝑛 − 𝑘
   

Total n-1 𝑇𝑆𝑆 = ෍ (𝑦௜ − 𝑦)തതതଶ
௡

௜ୀ଴
    

The first column in table is the degree of freedom (DoF) which represents the number 

of free variable in test static that can be varied. The number of degrees of freedom for 

regressor (k) is k-1, for the error term it is n-k where n is number of samples, while the total 

degree of freedom is sum of regressor and error terms DoF. 

The Total Sum of Squares (TSS) is summation of squares of difference between each 

individual measured response variable (𝑦௜) and its mean, while Regression Sum of Squares 

(RSS) is summation of squares of difference between each individual predicted response (𝑦పෝ) 

variable and its mean. Sum of Square for error term is the difference between TSS and RSS.  

The Mean Sum of square (MSS) is ratio of Sum of Square (SS) of each variation to degree of 

freedom. The F- Value is calculated as ratio of variance between the treatments. The critical 

p-value for variance is obtained from the F-table at the desired level of significance based on 

the calculated F-value and the critical table value, if calculated F is less than the critical 
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value, we accept the null hypothesis and conclude that there is no significant difference 

between.  

The final summary of regression model is estimated based on the data from ANOVA. A 

typical model summary table of regression is given below.  

Table 2-4 R-Model Summary Table 

Std. Error R-sq R-sq(adj)  

√𝑀𝑆𝐸 

𝑅 − 𝑆𝑞𝑢𝑎𝑟𝑒𝑑 

=
𝑅𝑆𝑆

𝑇𝑆𝑆
 

 

𝑅 − 𝑆𝑞𝑢𝑎𝑟𝑒𝑑(𝐴𝑑𝑗. ) 

= 1 − (1 − 𝑅ଶ)
𝑛 − 1

𝑛 − 𝑘 − 1
 

 

 

The R-Squared value of a model explains how much linear variability in response 

variable is explained by the predicted model. The higher the R-squared value, the greater is 

the variability captured by the response variable, while lower the R-squared it is vice versa. 

Based on number of predictors present in the model, the R-Squared value is adjusted to give a 

new modified R- value (R-sq(adj)). 
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Chapter 3. Parameter Selection and Experimental Procedure  

Chapter 3 exclusively discusses the parameters selected for Design of Experiment (DoE), 

materials, consumables, experimental procedure and setup used in this study. To measure the 

bead geometry in GMAW, a number of experiments were performed in the bead on plate 

condition by varying welding parameters such as wire feed rate, voltage, travel speed along 

with a different composition of shielding gas.  

3.1 Materials and Consumables 

Welding was performed using two ER70-S-6 wires with 0.045 in (1.14mm) and 0.035 in 

(0.90mm) diameters as electrode (filler metal) in conjunction with an AISI 1020 base plate 

for this study. AISI 1020 steel plates were used as the base plate, because of its similarity in 

carbon content (having low carbon i.e. same as that of filler wire) and match in tensile 

strength (being comparable to that of filler wire, thereby preventing any strength mismatch). 

ER70S-6 welding wire is classified under clause as AWS 5.18 [14] as solid plain carbon steel 

wire. AWS designation for this wire is given as: 

ER Filler metal is in form of Electrode/Rod 

70 Fillet metal wire has a minimum tensile strength of 70,000 psi (482.6 MPa) 

S Filler metal is a solid wire (not cored) 

6 Chemical composition of the filler metal 

 

ER70S-6 is one of the most commonly used wires and has a high silicon content in it 

which acts as a deoxidizer, thereby not requiring much cleaning of samples. Typical 

application of this wire includes sheet metal applications, automotive repair, structural steels, 

and pressure vessels [24]. The nominal chemical composition of the welding wire as per the 

manufacturer’s specification is given in Table 3-1.  
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Table 3-1 Chemical composition of welding wire (As per manufacturer specification) [24] 

Element    
(wt %) C Mn Si S P Cu Ni Cr Mo V 

Welding 
Wire 

0.06-
0.15 

1.40-
1.85 

0.80-
1.15 

0.035 
max 

0.025 
max 

0.50 
max 

0.15 
max 

0.15 
max 

0.15 
max 

0.03 
max 

 

The AISI 1020 base plates is a mild carbon steel, and these were sandblasted prior to 

welding to remove mill scale. The 1020 steel plates were obtained in two different thickness 

values, 6.35mm and 12.7 mm respectively. Low heat-input welds were performed using 

6.35mm ( 
ଵ

ସ
 𝑖𝑛) thickness plates, while for welding higher heat input parameters in order to 

prevent the burn through obtained from excessive penetration in cases with thinner plate, a 

plate with thickness of 12.7mm ( 
ଵ

ଶ
 𝑖𝑛) was used. The nominal chemical composition of base 

plate is given in Table 3-2. 

Table 3-2 Chemical composition of base metal (As per manufacturer specification) 

Element    (wt %) C Mn Si S P 

Base Metal 0.18-0.23 0.30-0.60 - 0.050 max 0.040 max 
  

3.2 Welding System 

Welding was performed on the carbon steel base metal in the bead on plate condition 

in direct current electropositive (DCEP) mode. A Lincoln Electric R500 series was used as 

power source and all the welds were automated and performed using FANUC® Arcmate 

i120c. FANUC R3-J controller was used for controlling the movements of the robot, and a 

simple linear travel weld program was used to perform the welds and a pendent to train and 

guide the robot through the weld points. The gas flow rate was kept constant at 35cfh (1 
௠య

௛௥
 ) 

during welding for all the three gasses and the welds were to a length of 100mm for each 

runs. A Data Acquisition System (DAQ) from National instrument® was used to record the 
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electrical signals for current and voltage during each experimental run. Figure 17 shows the 

experimental setup. 

 

Figure 17 Welding System (a) FANUC R3J Controller; (b) Lincoln Electric™ R500 Power Supply; (c) Bead on Plate Setup;           

(d) FANUC Arcmate i120c automatic welder robot; (e) Gas Cylinders with flow meter 

3.3 Selection of Parameters for Design of Experiments (DoE)  

In this investigation, four main parameters were varied: wire feed speed, voltage, travel 

speed and gas type, and each response variable i.e. weld bead width, penetration, 

reinforcement height, penetration area, and reinforcement area were the response variables 

modeled separately using sets of input factors, with the technique of DoE determining the 

experimental tests.  
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A 33 full factorial design was used to identify main and interaction effect of different 

input variables on bead characteristics for each of three different gas types. Identifying and 

selecting the parameter range for DoE involved performing a number of initial trial 

experiments, and the parameters were selected based on the weldability, arc-stability and 

appearance/quality (visual inspection) of bead. For example, a wire feed rate of more than 

600 ipm, with 30V at a travel speed less than 14ipm, the energy available at the torch will be 

less than the wire feed rate, causing excess wire sticking to the weld pool. The factors coded 

level (-1) represents the lowest parameter range with which a bead can be produced with a 

10% variation added to it, and the factors coded (+1) represents the higher parameters limits 

with which a proper bead can be produced with a -10% correction added to it upper limit.  

Table 3-3 Experimental Parameters for weld tests with 0.045 in diameter (1.14mm) ER 70S-6 Wire  

Parameter Low (-1) Intermediate (0) High (+1) # of levels 

Wire feed Speed (ipm) 200 390 580 3 

Travel Speed (ipm) 20 25 30 3 

Voltage (V) 20 25 30 3 

Gas type 100% Ar 85% Ar-15% CO2 100% CO2 3 
 

[Notice that ipm units are most common in welding procedure documentation, and 

thus these are used for the majority of graphs in the present work, where travel speeds of 20 

to 30 ipm equate to 0.508 to 0.762 m/min, and wire feed speeds of 200 to 580 ipm equate to 

5.08 to 14.732 m/min].  

There was one major limitation with the parameters listed in Table 3-3. The above 

factorial DoE covered entire range of possible parameters for wire feed speed and voltage, 

but the range of travel speed in the DoE could be further extend beyond that limit. For 

example, when a wire feed speed and voltage value between lower-intermediate level is used, 
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the range of travel speed can be further lowered beyond its lower limit (-1) and vice versa at 

the intermediate-high level, the range of travel speed can be increased beyond the (+1) limit.  

 

Figure 18 Estimating the effect of travel speed variation beyond the limit (-1) and (+1) 

To capture this effect an additional factorial design was used and preferred over 

Central Composite Design (CCD) with star points circumscribed, which is an another 

alternative methodology to capture this effect. However, the limitation using CCD model is 

the numbers of additional points are 2k (where k is number of independent variables), which 

would result in performing only 6 additional experiments and would still not be able to 

sufficiently describe the effect of travel speed beyond the limits. 

Therefore a 23 factorial design with parameters given in Table 3-4 below was used to 

identify effects of parameter of lower (decreased travel) speed at lower-Intermediate level 

wire feed speed and voltage range. While parameters given in Table 3-5 were used to 

estimate the effect of higher (increased) travel speeds at upper intermediate-high levels.  

The low-intermediate factor for wire feed and voltage were taken as two intermediate 

points between the factors (-1) and (0) i.e. (-0.67) and (-0.33). While the intermediate-high 

factor were taken as intermediate points between the factors (0) and (+1) i.e. (+0.33) and 
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(+0.67) respectively. Overall 121 weld beads were made in total for the 0.045 in wire to 

develop statistical model for prediction.  

Table 3-4 Weld Parameters for low-intermediate Wire Feed speed, Voltage range (0.045 in/1.14mm wire) 

Parameter Factor 1 Factor 2 No. of level 

Wire feed Speed (ipm) 264 (-0.67) 326 (-0.33) 2 

Voltage (V) 21.6 (-0.67) 23.4 (-0.33) 2 

Travel Speed (ipm) 12 16 2 
 

 

Table 3-5 Weld Parameters for intermediate-high wire Feed speed, and voltage range (0.045 in/1.14mm wire) 

Parameter Variable 1 Variable 2 No. of level 

Wire feed Speed (ipm) 454 (+0.33) 516 (+0.67) 2 

Voltage (V) 26.6 (+0.33) 28.4 (+0.67) 2 

Travel Speed (ipm) 37 44 2 
 

Similar steps were followed for ER 70S-6 wire with a diameter of 0.035 in (0.90mm). The 

ER 70S-6 wire of 0.045 in diameter is 1.6 times greater in area compared to 0.035 in wire. To 

identify main and interaction effect of different input variables on bead characteristics for 

each of three different gas types, a 33 full factorial design shown in Table 3-6 was used and to 

capture effects of variation in travel speed at low-intermediate and intermediate-range of wire 

feed speed and voltage, based on a 23 factorial design shown in  

 

 

Table 3-7 and Table 3-8. 

Table 3-6 Experimental Parameters for ER 70S-6 Wire with 0.035 in diameter (0.90mm) 

Parameter Low (-1) Intermediate (0) High (+1) Levels 

Wire feed Speed (ipm) 250 425 600 3 



35 
 

Travel Speed (ipm) 16 23 30 3 

Voltage (V) 20 25 30 3 
Gas type 100% Ar 85% Ar-15% CO2 100% CO2 3 

 

 

 

 

Table 3-7Weld Parameters for low-intermediate Wire Feed speed, Voltage range (0.035 in/0.9mm wire) 

Parameter Variable 1 Variable 2 Levels 

Wire feed Speed (ipm) 308 (-0.67) 367 (-0.33) 2 

Voltage (V) 21.6 (-0.67) 23.4 (-0.33) 2 

Travel Speed (ipm) 10 13 2 
 

Table 3-8 Weld parameters for intermediate-high wire Feed speed, and voltage range (0.035 in/0.9mm wire) 

Parameter Variable 1 Variable 2 Levels 

Wire feed Speed (ipm) 484 (+0.33) 542 (+0.67) 2 

Voltage (V) 26.6 (+0.33) 28.4 (+0.67) 2 

Travel Speed (ipm) 37 44 2 
 

3.4 Weld bead geometry Measurement 

Figure 19 shows an outline sketch of a weld bead with five main bead geometries, 

namely width (W), penetration (P), reinforcement height (R), penetration area (PA) and 

reinforcement area (RA) which are measured in this study. Here the width represents the 

spread of weld pool over base metal surface, penetration represents the extent to which weld 

pool has penetrated into the base metal, penetration area represents total area penetrated by 

the deposited metal into base metal, while reinforcement height is total height of deposited 

metal from base metal to peak of reinforcement, and reinforcement area is measured as total 

area of the deposited metal above the surface of base metal.  
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Figure 19 Outline of weld bead geometry denoting key dimensions measured here.  

The plate and resultant beads were prepared for imaging and measurements by 

sandblasting it after welding to get their clear image, and Adobe Photoshop® CS3 software 

was used to measure the bead width precisely. An image of the top surface of each weld was 

taken, and an area of the bead was selected, excluding the end sections, using the software 

quick selection tool. The length of selected bead area was measured using the ruler tool and 

the average width of the weld bead was then calculated as ratio of the area to the length of the 

selected section, using a minimum length of at least 50 mm in each weld. Figure 20 shows 

the steps followed in measuring width of the bead. 

 

Figure 20 Measurement of Bead Width using Adobe Photoshop® CS3 

To measure the depth of penetration, reinforcement height, penetration area and 

reinforcement area, two cross sections of the welds were cut one at approximately one-third 

of distance from start of weld bead and one at the mid-length. The cut-samples were mounted 

in epoxy and grinded up to 1200 grit size. The samples were then etched using Nital and the 
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macro-images of the cross section was imaged using stereo microscope as shown in Figure 

21. Penetration, reinforcement height and their respective areas were calculated for each cross 

sections using Adobe Photoshop® software using the ruler and quick selection tool. 

 
Figure 21 Optical micrograph of a cross-section of a weld bead 

3.5 Statistical Model 

In this investigation the weld bead width, penetration, reinforcement height, penetration 

area and reinforcement area were the response variables modeled. In order to capture the 

relationships between the response variables and factor inputs, each factor was tested at 

different levels. Furthermore, to determine if any interactions exist between input variables, a 

full factorial DOE was used. The models that underlie the factorial design are of the form: 

𝑾 = 𝜷𝟎 + 𝜷𝟏𝑺 + 𝜷𝟐𝑽 + 𝜷𝟑𝑻 + 𝜷𝟒𝑺𝟐 + 𝜷𝟓𝑽𝟐 + 𝜷𝟔𝑻𝟐 + 𝜷𝟕𝑺𝑽 + 𝜷𝟖𝑺𝑻 + 𝜷𝟗𝑽𝑻 + 𝜺 Equation 
(8) 

𝑷 = 𝜷𝟎 + 𝜷𝟏𝑺 + 𝜷𝟐𝑽 + 𝜷𝟑𝑻 + 𝜷𝟒𝑺𝟐 + 𝜷𝟓𝑽𝟐 + 𝜷𝟔𝑻𝟐 + 𝜷𝟕𝑺𝑽 + 𝜷𝟖𝑺𝑻 + 𝜷𝟗𝑽𝑻 + 𝜺 Equation 
(9) 

𝑹 = 𝜷𝟎 + 𝜷𝟏𝑺 + 𝜷𝟐𝑽 + 𝜷𝟑𝑻 + 𝜷𝟒𝑺𝟐 + 𝜷𝟓𝑽𝟐 + 𝜷𝟔𝑻𝟐 + 𝜷𝟕𝑺𝑽 + 𝜷𝟖𝑺𝑻 + 𝜷𝟗𝑽𝑻 + 𝜺 Equation 
(10) 

𝑷𝑨 = 𝜷𝟎 + 𝜷𝟏𝑺 + 𝜷𝟐𝑽 + 𝜷𝟑𝑻 + 𝜷𝟒𝑺𝟐 + 𝜷𝟓𝑽𝟐 + 𝜷𝟔𝑻𝟐 + 𝜷𝟕𝑺𝑽 + 𝜷𝟖𝑺𝑻 + 𝜷𝟗𝑽𝑻 + 𝜺 Equation 
(11) 

𝑹𝑨 = 𝜷𝟎 + 𝜷𝟏𝑺 + 𝜷𝟐𝑽 + 𝜷𝟑𝑻 + 𝜷𝟒𝑺𝟐 + 𝜷𝟓𝑽𝟐 + 𝜷𝟔𝑻𝟐 + 𝜷𝟕𝑺𝑽 + 𝜷𝟖𝑺𝑻 + 𝜷𝟗𝑽𝑻 + 𝜺 Equation 
(12) 

where W, P, R, PA and RA are the weld bead width, penetration, reinforcement height, 

penetration area and reinforcement area respectively, 𝑉 is the arc voltage, T is the travel 
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speed, S is the wire feed speed, βi are the model parameter to be estimated, and ε is the 

random error variable. Interactions among main effects are indicated by the model terms with 

factor products, and possible non-linear dependencies are indicated by squared model terms. 

Equation (8) to Equation (12) represent five separate width, depth, reinforcement models, 

penetration area and reinforcement area one for each shielding gas type; and the model 

coefficients βi are determined by the appropriate selection. The maximum order for each of 

the polynomial terms was taken two i.e. second order. Though the higher complexity order 

provides a better fit, an order for the polynomial terms was taken as two to eliminate the over 

fitting of data. 

To prevent over-fitting the data, the full models were reduced after determining the 

statistically significant model parameters using an analysis of variance (ANOVA). The 

insignificant covariate terms were determined from ANNOVA table and based on the p-

values the terms were removed. The models were re-run again to find if there were other 

insignificant terms, and the process was followed until all the insignificant terms were 

eliminated and the terms in model had statistically significant p-values. Some of the main 

covariate terms that are theoretically important or were significant based on prior studies 

were kept in the model even though they were insignificant. Statistical analyses were 

performed using the Minitab and R programming language version 3.4.3  in RStudio [25]. 

Two sets of data for each experimental condition were taken so as to obtain an independent 

estimate of the error, and the test order was randomized to avoid any potential bias and 

lurking variables. 
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Chapter 4. Results & Discussion 

The measurements of the resultant welds for all experimental trails are evaluated here, 

including the bead width, penetration, reinforcement height, penetration and reinforcement 

area along with the model predictions overlaid on the data. Magnitudes of each welding 

parameter on measured geometry and their interaction effects are also discussed based on the 

corresponding ANOVA results which are summarized in Appendix C. 

4.1 Results of bead on plate welds 

This section primarily discusses the experimental results of bead-on-plate welding for 

all the bead geometry for two different diameter wires along with their multivariate 

regression fits. Additional useful data from experiments, ANOVA analysis tables, linear 

regression models and coefficients for DoE, and macro images for each weld beads are given 

in Appendix A, B and C respectively. 

4.1.1 Weld Width 

In general, bead width increased progressively with voltage level between 20 and 25 V 

for all the gas types, and decreased or leveled off at higher voltages depending on voltage, 

thereby achieving a plateau at intermediate voltage for most points. As the travel speed is 

increased, the amount of weld metal deposited per unit length is decreased while reducing the 

time allowed for wetting on the plate surface, resulting in a reduction in weld width for all the 

gases. From Figure 22, it can be seen that for 100% Argon and 85% Argon-15% CO2 mixed 

gas, increasing voltage appeared to have a diminishing effect on the bead-width at lower 

voltages, and the concavity of model changes as voltage is increased. Conversely, in 100% 
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CO2 the relationship between input-voltage and bead-width appeared to be almost linear for 

most cases. At low-intermediate coded factors and the width increased with voltage similar to 

trend observed between 20 and 25 V in Figure 22 and at intermediate-high coded factors 

showing a decreasing trend similar to observation seen at 30ipm in Figure 22. The trends 

observed at lower-intermediate and intermediate-high factors are given in Appendix D. 

The resulting width model for 0.045 in wire with 100% Argon gas consisted, an 

interaction of voltage with wire feed speed and travel speed, 85% Argon-15% CO2 model had 

a second-order polynomial in wire feed speed, voltage, travel speed and interaction of wire 

feed speed with voltage and travel speed, and 100% CO2 model had second-order polynomial 

in wire feed speed and voltage. 

 

Figure 22 Weld width as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus wire feed 
speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that 

quadrant represented).  
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The width voltage relationship at varying wire feed and travel speed levels for welds 

produced with 0.035 in diameter wire is given in Appendix D. The width increased between 

20 and 25 V along for all the wire feed speed and between intermediate-high travel speed and 

voltage levels, the width-voltage relationship approached a limiting value range, a trend 

similar to one observed with 0.045 in. The statistical model for bead width with 0.035 in wire 

had wire feed speed, voltage, travel speed, an interaction of voltage with travel speed and a 

second order polynomial for travel speed for all the gasses. For welds produced using 100% 

Argon the model had an additional second order polynomial term for voltage and an 

interaction term between wire fee speed and voltage, while using 100% CO2 had an additional 

second order term for wire feed speed. The welds made using 85% Argon-15% CO2 resulted 

in a model which had second order polynomial terms for all the input three variable i.e. V2, 

W2, TS2 and also an interaction between them i.e. W*V, W*TS, V*TS.  

4.1.2 Weld Penetration (Depth) 

The penetration for welds increased when the wire feed speed was increased, which is 

due to the relationship between wire feed speed and welding current for constant voltage 

welding machines. The concavity of the penetration model as a function of wire feed speed 

appears to be governed by the gas type, see Figure 23. From the trends observed in Figure 23 

with pure argon, the penetration rapidly increased with wire feed speed, and was concave up 

for most voltage and travel speed range except for low travel speed and high voltage level, 

whereas with 100% CO2 and mixed gas concavity of the penetration-wire feed speed 

relationship changed with increase in voltage. Figure 24 shows the relationship penetration-

wire feed speed relation at low-intermediate and intermediate-high coded factors. It can be 

noted that depth of penetration increases progressively with wire feed speed similar to the 

trend observed in Figure 23. 
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Figure 23 Weld penetration as a function of wire feed speed for 0.045 in wire (Each plot in the grid relates the width 
versus wire feed speed, with raw data for different voltage and travel Speed for each gas, along with the predictive 

model equation for that quadrant). 

Statistically, there are several variables (wire feed speed, voltage, travel speed, second 

order polynomial of wire feed speed, the interaction between wire feed speed and voltage, as 

well as the wire feed speed and travel speed) were significant in predicting the penetration for 

100% Argon gas. The 85% Argon-15% CO2 gas had a model similar to 100% Argon with an 

additional second order polynomial term for voltage. The resulting model for 100% CO2 

consisted of wire feed speed, voltage, travel speed, second order polynomial of wire feed 

speed and travel speed, along with an interaction between wire-feed speed and voltage.  
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Figure 24 Weld penetration as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus wire feed 
speed, with raw data from extended DoE for different Voltage and Travel Speed for each gas, and the model predictive 

equation for that quadrant represented) 

The depth- wire feed speed relationship at varying voltage and travel speed levels for 

0.035 in diameter wire is given in Appendix D. With increase in voltage from left to right and 

increase in travel speed from up to down, we can see the increase in depth across each plot, 

which shows that the depth of penetration increased with voltage and travel speed for all the 

wire feed speeds. With higher wire feed speed, the depth decreased/levelled at lower level 

voltage that can be explained due to transfer mode occurring at low voltage. The statistical 

model for bead depth had wire feed speed, voltage, travel speed, an interaction of wire feed 

speed with voltage for all the gasses. The model for 100% Argon welds had an additional 

second order polynomial term for wire feed speed and an interaction term between voltage 

and travel speed, while 100% CO2 had an additional second order term for travel speed and 

an interaction between wire feed speed and voltage. The 85% Argon-15% CO2 model had 

second order polynomial terms for all the input three variable i.e. V2, W2, TS2 and an 

interaction between voltage and travel speed. 
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4.1.3 Reinforcement Height 

The reinforcement height generally increased with wire feed speed as expected based on 

the mass conservation of wire material. The reinforcement height slightly decreased as the 

travel speed increased, as expected based on a reduced deposition rate per unit length due to 

faster travel rate of torch. Figure 25 shows the weld reinforcement height as function of wire 

feed speed for different voltage and travel speed range. Reinforcement height decreased with 

increases in voltage, or increases in travel speed. The concavity of the models also changed 

with voltage, and unlike penetration, the concavities of the trend lines in Figure 25 were 

comparable for each parameter for most bead measurements at 20 and 25V.   

From the ANOVA analysis, the statistical model indicates an interaction of voltage with 

wire feed and travel speed as significant term for all the gas types. The model for 100% 

Argon had an additional second order polynomial including the wire feed speed term, while 

the 100% CO2 gas had a second order polynomial of wire feed speed and voltage along with 

an interaction of voltage with wire feed and travel speed. The model for 85% Argon-15% 

CO2 gas had no additional terms. 
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Figure 25 Weld reinforcement height as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus 
wire feed speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation 

for that quadrant represented) 

For the case of welds produced using the 0.035 in diameter wire, the reinforcement 

height-wire feed speed relationships for different voltage and travel speed are shown in 

Appendix D. A similar trend is observed to that produced using 0.045 in wire, i.e. with an 

increase in wire feed the reinforcement height increased at all levels, and with increase in 

voltage and travel speed, reinforcement height of weld decreased. The resulting statistical 

model for reinforcement for 100% CO2 gas includes wire feed speed, voltage, travel speed for 

all the gasses without additional terms. However, the model for 85% Argon-15% CO2 and 

100% Argon model had a second order polynomial for voltage term. The 85% Argon-15% 

CO2 gas model also had an additional interaction term between wire feed speed and voltage 

(W*V) and a second order polynomial term for travel speed.  
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4.1.4 Reinforcement Area 

As expected based on the conservation of material, the reinforcement area i.e. area of 

filler metal deposited, increased with increasing wire feed speed and decreased with travel 

speed. Figure 26 shows the relationship between reinforcement area as function of wire feed 

speed for different voltage and travel speed range for 0.045 in diameter wire. The concavity 

of the model was linear for the gas types and increased progressively with feed rate.  

Statistically, in addition to wire feed speed, voltage, and travel speed, the model for all 

the gasses had a second order polynomial term for travel speed and an interaction between 

wire feed speed and travel speed. The models for welds produced with 100% Argon and 

100% CO2 gases had no additional interaction terms, while the model for 85% Argon-15% 

CO2 gas had an additional second order polynomial for wire feed. 

 

Figure 26 Weld reinforcement area as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus 
wire feed speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation 

for that quadrant represented) 
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For 0.035 in diameter wire, the reinforcement area of the weld increased with wire feed 

speed and decreased with increase in travel speed, similar to trend observed with 0.045 in 

wire. The statistical model for reinforcement area had wire feed speed, voltage, travel speed, 

second order polynomial of wire feed speed and the interaction between wire feed speed and 

travel speed as well as significant terms for each of the gases. In addition to the foresaid 

terms, the model for welds using 100% Argon and 100% CO2 gas had an interaction between 

wire feed speed and voltage (W*V) term and the 85% Argon-15% CO2 gas had an additional 

second order polynomial term for wire feed speed.  

4.1.5 Penetration Area 

The penetration area for welds is the extent to which weld metal has penetrated into the 

base metal. From Figure 27 the penetration area of the weld increased when the wire feed 

speed increased; due to higher welding current at increased wire feed speeds. The concavity 

of the penetration model as a function of wire feed speed is governed by the gas type. From 

Figure 27 which shows the relationships for 100% argon gas, the penetration area increased 

with wire feed speed for all the speed levels, whereas with 100% CO2 gas the concavity (fit) 

changed with voltage levels. At low-intermediate and intermediate-high coded factors Table 

3-4 and Table 3-5, the penetration-wire feed speed relationship increased with wire feed 

speed following a pattern similar to that observed in Figure 27. 
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Figure 27 Weld penetration area as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus wire 

feed speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for 
that quadrant represented) 

 

 Statistically in addition to wire feed speed, voltage, travel speed, all the gas models had 

an interaction effect between wire feed speed and voltage. For 100% argon gas, model had an 

additional second order polynomial term for wire feed and travel speed. While the model for 

100% CO2 welds had an interaction term between wire feed speed and travel speed. For 

welds produced with 85% Argon-15% CO2 gas, an additional second order polynomial is 

needed for wire feed speed, travel speed and voltage. 

The penetration area vs. wire feed speed relationship for all gases with 0.035 in diameter 

wire is given in Appendix D. The penetration area of weld increased with wire feed speed for 

all welds, and with increase in voltage from left to right the area of penetration increased 

slightly. Also when travel speed was increased the size of penetrated area was reduced 
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drastically due to low heat input per unit area from faster torch travel. Statistical models for 

all the three gases had a common wire feed speed, voltage, travel speed, an interaction 

between wire feed speed and voltage (W*V).  The models for 100% argon and for 100% CO2 

gas had no additional terms, while that for 85% argon-15% CO2 had an additional second 

order polynomial for wire feed speed and travel speed, and an interaction term between wire 

feed speed and travel speed (W*TS).  

4.1.6 Welding Current 

The wire current during welding is directly proportional to the rate at which wire is fed.  

As wire feed rates through the torch increase, a higher current is required to melt the wire, 

and this can be seen from trends in model fits for the 0.045 in wire and 0.035 in wire. Figure 

28 shows the concavity of current-wire feed speed relationship coded for different voltage 

and travel speed for various types of gases, and is found to be linear for all cases and 

progressively increased with feed rate.  

In addition to wire feed speed, voltage, travel speed the statistical model for all the 

gasses had a second order polynomial term for travel speed and an interaction between wire 

feed speed and travel speed. The 100% argon and 100% CO2 gases had the above 

aforementioned terms with no additional interaction terms, while 85% argon-15% CO2 gas 

model had an additional second order polynomial for wire feed. 
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Figure 28 Welding current as a function of wire feed speed for 0.045 in wire (Each grid plots the width versus wire feed 
speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that 

quadrant represented) 

For welds produced with 0.035 in diameter wire, the statistical model had wire feed 

speed, voltage, travel speed, second order polynomial of wire feed speed for each gas. The 

model for 100% argon gas had second order polynomial of voltage and an interaction terms 

for wire feed speed with voltage and travel speed. The results with 85% argon-15% CO2 gas 

are described by a model with second order polynomial for travel speed and an interaction 

terms for voltage with travel speed, and the model for 100% CO2 had interaction terms for 

wire feed speed with voltage and a second order polynomial term for travel speed (TS2). 
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4.1.7 Statistical Analysis – Final Model 

Six separate equations—one for each gas type, due to the qualitative nature of this 

factor—are given for current, width, penetration, reinforcement height, penetration area and 

reinforcement area for each wire in Table 4-1 and Table 4-2. The models have been reduced 

from their full forms in Equation (8) to Equation (12) by including only factors determined to 

be significant from the ANOVA, and the model coefficients are minimally correlated least-

squares estimates [9]. The intercepts of these equations represent the main effect of changing 

gas type. 

 For a given model, the factor coefficients which change with gas type reflect the 

interaction between the given factor and gas type. The predicted weld bead width, 

penetration, reinforcement height, penetration area and reinforcement area for a given gas 

type are found by substituting the coded factor levels (i.e. -1, -0.67, -0.33, 0, 0.33, 0.67, 1) 

into the corresponding models.  
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Table 4-1 Statistical models for weld bead width, penetration, reinforcement height, reinforcement area, penetration 
area and welding current for each gas type, using only significant parameters from the ANOVA for 0.045 in wire 

Gas Model Equation 
Standard 

Error 

100% 
Argon 

Current (A) 
I = 548 + 0.183*WFS - 39.75*V + 0.908*TS + 0.000352*WFS^2 

+ 0.901*V^2 
±12.61 

 
Penetration 

(mm) 
P = 2.40 - 0.01320*WFS + 0.0122*V - 0.0802*TS + 

0.000011*WFS^2 + 0.000285*WFS*V + 0.000236*WFS*TS ±0.53 

Reinforcement 
Height (mm) 

R = 4.61 + 0.01051*WFS - 0.0491*V - 0.2364*TS+ 
0.000006*WFS^2 - 0.000423*WFS*V+ 0.00709*V*TS 

±0.39 

Width (mm) W = 3.16 - 0.03332*WFS + 0.251*V + 0.534*TS + 
0.001785*WFS*V - 0.0295*V*TS 

±1.22 
 

Penetration 
Area (mm2) 

PA = 36.32 + 0.04058*WFS - 0.021*V - 2.389*TS - 
0.000003*WFS^2 + 0.03629*TS^2 + 0.000061*WFS*V 

±1.19 
 

Reinforcement 
Area (mm2) 

RA = 28.94 + 0.07676*WFS - 0.0033*V - 2.366*TS + 
0.04704*TS^2 - 0.001485*WFS*TS 

±0.74 

85% 
Argon
+15%
CO2 

Current (A) 
I = 429.9 + 0.4486*WFS - 28.16*V - 1.599*TS - 0.0001*WFS^2 

+ 0.606*V^2 + 0.0290*TS^2 + 0.00423*WFS*V  
±7.05 

 

Penetration 
(mm) 

P  = -11.01 - 0.01145*WFS + 1.228*V - 0.1047*TS - 
0.00001*WFS^2 - 0.02819*V^2 + 0.000882*WFS*V + 

0.000165*WFS*TS  

±0.47 
 

Reinforcement 
Height (mm) 

R = 2.53 + 0.01177*WFS - 0.0386*V - 0.1168*TS - 
0.000235*WFS*V + 0.00292*V*TS 

±0.30 

Width (mm) 
W =-26.35 + 0.04829*WFS + 2.385*V - 0.2546*TS - 
0.000061*WFS^2 - 0.04664*V^2 + 0.00452*TS^2 + 

0.000640*WFS*V - 0.000540*WFS*TS  
±0.60 

Penetration 
Area (mm2) 

PA = -57.4 - 0.0272*WFS + 5.34*V+ 0.140*TS - 
0.000042*WFS^2 - 0.1139*V^2  ±3.19 

Reinforcement 
Area (mm2) 

RA = 15.76 + 0.08757*WFS + 0.0126*V- 1.2825*TS - 
0.000012*WFS^2 + 0.02207*TS^2- 0.001467*WFS*TS  

±0.97 

100% 
CO2 

Current (A) I = 40+ 0.4432* WFS +2.153*V-0.052*TS ±16.28 
Penetration 

(mm) 
P = 9.77 - 0.02489*WFS - 0.1841*V- 0.1891*TS + 

0.000009*WFS^2 + 0.002714*TS^2  
±0.54 

 
Reinforcement 

Height (mm) 
R = 7.36 - 0.00931*WFS + 0.086*V- 0.3151*TS + 

0.000012*WFS^2 - 0.00888*V^2  
±0.39 

Width (mm) 
Width = -19.65 + 0.03187*WFS + 1.857*V- 0.1982*TS - 

0.000035*WFS^2 - 0.0314*V^2  ±0.71 

Penetration 
Area (mm2) 

PA = 35.5 - 0.1256*WFS - 0.139*V - 1.092*TS + 
0.004547*WFS*V + 0.001616*WFS*TS  ±4.32 

Reinforcement 
Area (mm2) 

RA = 15.61 + 0.08151*WFS + 0.0141*V- 1.2080*TS + 
0.02137*TS^2 - 0.001543*WFS*TS  

±0.87 
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Table 4-2 Statistical models for weld bead width, penetration, reinforcement height, reinforcement area, penetration 
area and welding current for each gas type, using only significant parameters from the ANOVA for 0.035 in wire 

Gas Model Equation 
Standard 

Error 

100% 
Argon 

Current (A) I =438.3 + 0.232*WFS - 33.30*V - 1.457*TS - 0.000350*W^2 + 
0.714*V^2+ 0.00912*W*V + 0.00337*W*TS 

±7.97 
 

Penetration 
(mm) 

P=-1.385 + 0.002212*WFS + 0.1108*V - 0.03049*TS + 
0.000000*W^2 + 0.000002*W*V- 0.000336*V*TS ±0.35 

Reinforcement 
Height (mm) 

R = 4.204 + 0.003635*WFS - 0.0547*V - 0.07479*TS - 
0.000118*V^2 ±0.39 

Width (mm) 
W = -5.69 - 0.02185*WFS + 1.359*V- 0.274*TS - 0.0282*V^2 + 

0.00890*TS^2+ 0.001203*W*V - 0.01092*V*TS 
±0.80 

 
Penetration 
Area (mm2) 

PA = 1.23 + 0.01020*WFS+ 0.3001*V- 0.2928*TS - 
0.000025*W*V 

±2.76 
 

Reinforcement 
Area (mm2) 

RA = 14.16 + 0.02547*WFS + 0.0399*V- 0.5899*TS - 
0.00053*TS^2 - 0.000111*W*V + 0.000066*W*TS 

±1.78 

85% 
Argon
+15%
CO2 

Current (A) I = 78.1 + 0.4496*WFS - 0.09*V - 5.674*TS - 0.000222*W^2 + 
0.0528*TS^2+ 0.1087*V*TS 

±6.06 
 

Penetration 
(mm) 

P  =-0.28 - 0.00123*WFS + 0.216*V- 0.1034*TS - 
0.000003*W^2 - 0.00771*V^2 + 0.000538*TS^2 + 

0.000356*W*V + 0.00192*V*TS 

±0.23 
 

Reinforcement 
Height (mm) 

R = 6.52 + 0.00657*WFS - 0.289*V- 0.1462*TS + 0.00585*V^2 
+ 0.001943*TS^2- 0.000136*W*V ±0.21 

Width (mm) 
W = -8.17 + 0.01221*WFS + 1.045*V - 0.1179*TS - 
0.000015*W^2 - 0.01312*V^2 + 0.00870*TS^2 + 

0.000558*W*V - 0.000336*W*TS - 0.01396*V*TS 
±0.46 

Penetration 
Area (mm2) 

PA =  25.17 - 0.0451*WFS - 0.626*V - 0.599*TS + 
0.000039*W^2 + 0.01467*TS^2 + 0.002449*W*V - 

0.000985*W*TS 
±1.57 

Reinforcement 
Area (mm2) 

RA =8.18 + 0.06678*WFS + 0.0429*V - 0.9482*TS - 
0.000022*W^2 + 0.01718*TS^2 - 0.000968*W*TS 

±1.04 
 

100% 
CO2 

Current (A) I=32.5 + 0.369*WFS+ 0.31*V - 2.216*TS - 0.000267*W^2 + 
0.0452*TS^2+ 0.00468*W*V 

±7.07 

Penetration 
(mm) 

P=3.75 - 0.00506*WFS - 0.0618*V - 0.1185*TS + 
0.001711*TS^2+ 0.000329*W*V 

±0.42 
 

Reinforcement 
Height (mm) 

R = 3.381 + 0.004071*WFS- 0.0697*V- 0.03842*TS ±0.46 

Width (mm) 
W =-5.28 + 0.01978*WFS + 0.622*V - 0.203*TS - 
0.000018*W^2+ 0.00617*TS^2 - 0.01167*V*TS 

±0.69 

Penetration 
Area (mm2) 

PA =11.53 - 0.0496*WFS - 0.219*V- 0.2713*TS + 
0.002866*W*V ±2.06 

Reinforcement 
Area (mm2) 

RA = 5.80 + 0.07288*WFS+ 0.2270*V- 1.0372*TS + 
0.02113*TS^2 - 0.000552*W*V 

±0.91 

 
 

The ability of a statistical model to describe a data set is usually characterized by the 

coefficient of determination (R2), where a high R2 indicates that the model accounts for a 

high degree of variability in the data. From Table 4-3 and Table 4-4, for both the wires all six 



54 
 

models have high R2 values indicating the excellent ability of the model to describe the 

variability of data considering the wide range of factors selected. However, one weakness of 

R2 value is that it monotonically increases with the number of terms in a given model. To 

avoid this issue, an R
2 adjusted for the number of model parameters (R2

adj) was used, which 

are also reported in Table 4-3 and Table 4-4. The R2
adj for all models are comparable to the 

original R2 value, indicating that the reduced models still describe the data reasonably well 

without including unnecessary model terms.  

A further regression analysis statistic to determine the suitability of the model is the 

predicted R2 (R2
pred). The R2

pred is calculated by removing a single measured observation from 

the existing data set, re-calculating the regression model coefficients, evaluating how closely 

the model predicts the removed observation, and repeating this procedure for all data in the 

set [9]. Again, the R2
pred values are comparable to the other R2 values with values ranging 

from 69.63% to 98.65% for 0.045 in wire and 57.62% - 96% for 0.035 in wire, demonstrating 

that the models in Table 4-1 and Table 4-2 are reasonably good in describing the data without 

overfitting by including excessive model terms.  
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Table 4-3 Multiple goodness of fit metrics for each response model (0.045 in wire) 
 

Gas Variable 
Regression Statistic 

R2 R2
adj R2

pred 

100% Ar 
 

Current 97.68% 97.29% 96.48% 
Width 79.30% 75.73% 69.74% 

Penetration 87.59% 86.41% 83.98% 
Reinforcement Height 79.54% 77.59% 73.57% 

Penetration Area 97.16% 96.89% 96.38% 
Reinforcement Area 98.89% 98.80% 98.65% 

85% Ar/ 
15% CO2 

Current 99.05% 98.86% 98.54% 
Width 94.24% 92.88% 90.80% 

Penetration 87.75% 86.65% 85.35% 
Reinforcement Height 88.48% 87.76% 86.70% 

Penetration Area 78.23% 76.27% 73.58% 
Reinforcement Area 98.03% 97.89% 97.66% 

100% CO2 
 

Current 94.06% 93.60% 92.71% 
Width 86.97% 85.21% 82.13% 

Penetration 81.65% 80.26% 78.70% 
Reinforcement Height 82.90% 81.36% 79.05% 

Penetration Area 74.86% 73.29% 69.63% 
Reinforcement Area 98.43% 98.33% 98.16% 

 

Table 4-4 Multiple goodness of fit metrics for each response model (0.035 in wire) 

Gas Variable 
Regression Statistic 

R2 R2
adj R2

pred 

100% Ar 
 

Current 97.26% 96.54% 95.28% 
Width 86.44% 82.92% 78.81% 

Penetration 70.06% 67.21% 61.61% 
Reinforcement Height 77.77% 76.41% 74.19% 

Penetration Area 43.61% 40.14% 33.61% 
Reinforcement Area 88.81% 87.75% 86.40% 

85% Ar/ 
15% CO2 

Current 97.71% 97.33% 96.86% 
Width 95.13% 93.80% 92.04% 

Penetration 89.65% 88.57% 86.86% 
Reinforcement Height 89.30% 88.49% 87.65% 

Penetration Area 87.70% 86.59% 85.41% 
Reinforcement Area 96.04% 95.74% 95.31% 

100% CO2 
 

Current 96.98% 96.48% 96.11% 
Width 89.28% 87.50% 85.23% 

Penetration 62.43% 60.08% 57.62% 
Reinforcement Height 64.58% 63.29% 61.60% 

Penetration Area 83.87% 83.08% 82.16% 
Reinforcement Area 97.55% 97.37% 97.19% 
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4.2 Discussion 

This section discusses the trends observed from the experimental results of welds as in 

bead on plate condition for each of weld bead geometry in Section 4.1 and also discusses the 

main and interaction effects for each statistically significant variable in the model.   

4.2.1 Current 

The current passing during the welding process is directly related to wire feed speed. 

In the CV mode the internal circuitry of the welding equipment tries to select an appropriate 

current required to melt the wire depending on voltage-current characteristics established by 

the power supply characteristics. From Figure 28, the concavity of the current vs. wire feed 

speed relation was linear for all the gas types. When wire feed rate was increased from -1 to 

+1, the current value increased for the welds due to higher current requirement to melt the 

wire. This resulted in a positive coefficient for the wire speed term for all the gases. At lower 

and intermediate voltages, the type of gas greatly influenced the current required.  

Since 100% CO2 gas has higher thermal conductivity compared to 100% Ar and 85% 

Argon-15% CO2 gas, it required less current for the same wire feed speed. Increasing the 

voltage from level -1 to 0 did not produce a significant increase in current for each of the gas 

types at the same levels of wire feed and travel speed. However, when voltage was increased 

from 0 to +1, an increase in current was observed for all the gasses. This resulted in a 

negative coefficient for the voltage term for the 100% Ar and 85% Argon-15% CO2 gas 

welds, with both 0.045 in and 0.035 in wire. Meanwhile the second order polynomial term for 

voltage had a positive coefficient indicating the increasing rate in current during weld at 

higher voltage levels. In contrast, welds using 100% CO2 gas had a positive voltage term for 

current, indicating an increase in current with voltage levels.  
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The interaction effect of variables on current during welding varied based on the type of 

gas for both 0.045 in and 0.035 in wires. From the model for 0.045 in wire in Table 4-1, only 

85%Ar-15%CO2 gas had a term for wire feed speed interaction with voltage, whereas the 

results for 0.035 in wire suggest interaction effects for all the three gasses. The welds 

produced using both 100% Ar and 100% CO2 gasses had a wire feed rate interaction with 

voltage, while 100% Ar had an additional interaction for wire feed speed on travel speed.  

The results observed using 85%Ar-15%CO2 gas indicate an interaction of voltage on 

travel speeds, with the effects of these interactions on current shown in Figure 29. The 

interaction effect of wire feed speed on voltage had a positive coefficient for all the gasses, 

showing that with an increase in feed rate and voltage, the welding current increases. Welds 

produced using 0.035 in wire and 100% Ar gas had a positive coefficient for interaction 

between wire feed speed and travel speed. For both interactions, the wire feed term has a 

positive coefficient with a greater degree of control on the effect, and negates the negative 

coefficient of voltage at lower levels and travel speed at higher levels. This can be seen from  

Figure 29 (a, c, d) where with an increase in feed rate across the range of voltage and travel 

speed, the value of current increases progressively.  
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 (a) 100%Ar- W*V Interaction  (b) 100%Ar- W*TS Interaction 

 (c) 100%CO2 - W*V Interaction  (d) 85%Ar-15%CO2- W*V Interaction 
 

Figure 29 Interaction effects of input variable on welding current (a, b, c) 0.035 in wire; (d) 0.045 in wire 

 

4.2.2 Bead Width  

Weld-bead width depends on the wetting of the molten pool across the base metal, and 

the area of the base metal under the moving arc cone. These factors were influenced by a 

number of parameters, such as arc voltage, gas type, travel speed and arc-temperature. From 

model fits for the width model, the width-voltage relationship was concave down and linear 

at all travel speeds and wire speeds for 85% Ar-15% CO2 and 100% CO2 gasses, except at 

higher wire feeds speed when using 100% Ar gas which had a concave up/linear trend 

regardless of travel speed. The resulting width model for all the three gasses include the 

voltage, wire feed and travel speed and interaction terms. When voltage was increased from -

1 to +1 (20 to 30V) there was an increase in bead width for the welds due to an increase in 
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the size of the arc cone. A higher voltage is usually associated with a wider arc cone, as the 

driving forces for conventional current increases, increasing the arc plasma velocity and 

deflecting it radially outward, causing the arc cone to widen, resulting in a higher bead width 

[45]. This produced a positive coefficient for the voltage term for all the gases, while the 

second order polynomial term for voltage had negative coefficient implying that at higher 

voltages the width is increasing at a decreasing rate.  

With increasing travel speed from -1 to +1, a decrease in bead width was observed for all 

the gas types (except for the 100% Ar model with 0.045 in diameter wire), thereby giving the 

travel speed term a negative coefficient. At low travel speed, there is more heat input and the 

torch travels relatively slow resulting in more metal deposited causing an increase in width 

and vice versa at higher speeds. When wire feed speed was increased from -1 to +1, the bead 

width increased for the welds due to an increase in metal deposition, causing the weld pool to 

spread due to better wetting. This resulted in a positive coefficient for the wire feed term, 

while the second order polynomial term for wire feed speed had a negative coefficient 

indicating a reduction or decreasing rate in width of weld at higher wire feed rates with an 

exception to the 100% Ar model with 0.045 in diameter wire, which had a positive 

coefficient that was close to zero, which may suggest a slight difference in the wetting 

behaviour with gas type.  

The interaction effect for bead width varied depending on gas type for both 0.045 in and 

0.035 in wire. From Table 4-1 it can be noted that when using 0.045 in wire both 100% Ar 

and 85%Ar-15% CO2 gasses had wire feed rate interactions with voltage and an additional 

separate effect of voltage on travel speed for 100% Ar, along with an interaction effect of 

wire feed on travel speed for 85%Ar-15%CO2. These effects are shown in the Figure 30 

which shows a 3D wireframe plot outlining the trends of the interaction. 
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 (a) 100%Ar- W*V Interaction  (b) 85%Ar-15% CO2- W*V Interaction 

 (c) 100%Ar- V*TS Interaction  (d) 85%Ar-15%CO2- W*TS Interaction 
Figure 30 Interaction Effect of input variable on bead Width for 0.045 in diameter wire 

 The interaction effect of wire feed speed on voltage had positive coefficient for both the 

gasses showing that width increases with increasing voltage and feed rate (and both having 

positive coefficient as discussed earlier). The interaction effect of feed rate with travel speed 

for 100%Ar had a negative coefficient indicating that width progressively decreases when 

travel speed is increased, which is due to the travel speed having a negative coefficient, 

thereby having a greater effect than wire feed speed. Another interaction which was observed 

is interaction between voltage and travel speed which also had a negative coefficient when 

using 85%Ar-15%CO2 gas, again indicating the greater negative effect of increased travel 

speed on width compared to the positive effect of voltage. Hence even though when size of 

arc cone is increased, the size of width decreases due to a faster torch travel speed. Previous 

work done by Murugan and Parmar [26] evaluating SAW with voltage levels between 24 to 
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32 (V) and travel speeds 0.43 to 0.75 (m/min) showed a similar trend the interaction effect 

between voltage and travel speed on width. 

 Therefore, as voltage and wire feed is increased, a positive coefficient leads to a wider 

bead at higher levels of voltage and feed rate, while with interaction of travel speed with wire 

feed and voltage has a negative coefficient. One finds that a wider bead is obtained at lower 

travel speed and higher voltage or feed rate, and vice versa.  

From Table 4-2, for welds produced using 0.035 in wire all the three gases 100%Ar, 

85%Ar-15%CO2 and 100%CO2 had interaction effects. The interaction effect of voltage on 

travel speed was common between all the three, in which 100% Ar gas had an additional 

interaction effect of feed rate and voltage, while 85%Ar-15%CO2 had all the three interaction 

effects (W*V, W*TS, V*TS).  

The interaction effect of voltage on travel speed had negative coefficient for all the three 

gasses, showing that width decreases even with increasing voltage due to increased travel 

speed which as a negative coefficient as explained earlier. The interaction effect of wire feed 

speed and voltage on bead width has a positive coefficient for both 100%Ar and 85%Ar-

15%CO2, as both voltage and feed rate has positive coefficient resulting in increased width of 

bead at higher feed and voltage. Another interaction effect in 85%Ar-15%CO2 was 

interaction between feed rate and travel speed. This had a negative effect because of the 

negative coefficient of travel speed compared to feed rate i.e. as less metal is deposited at 

higher travel speed of torch, thereby giving narrow bead compared to one obtained at lower 

travel speed. The trends observed with interaction among variable closely correlates with 

previous work done in SAW which indicated similar signs for interaction coefficients for 

W*V, W*TS, V*TS [26, 29, 46].  

One of the interesting observations was reduction in width of the weld with increase in 

voltage. At high voltage (30V), width decreased for welds at lower and intermediate wire 
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feed rates. To find the reason for this a high-dynamic range video camera by XirisTM was 

used in order to capture the image of arc cone which is shown in Figure 31. It can be seen 

that with increase in travel speed the arc length decreases altering the width of arc cone which 

causes the decrease in bead width due to smaller weld pool size. 

 

Figure 31 High dynamic range images of arc cone with 100% argon gas at higher voltage (30V) with varying travel speeds 
(a)-20ipm; (b)-25ipm; (c)-30ipm 

 

4.2.3 Bead Penetration 

In terms of weld penetration, the Lorentz force plays an important role in carrying the 

heat from the arc, and causes a deeper penetration by pushing the liquid droplet downward in 

the pool, and displacing it behind the arc to melt new plate material below the arc. Hence, the 

applied current is the most important parameter in determining the penetration of weld, as at 

higher current density the magnitude of the Lorentz force is high which makes the penetration 

deeper along with several other factors such as buoyancy forces, Marangoni convection, and 

plasma jet shear on the pool surface [40, 41].  

From Figure 23 for the penetration model, concavity of penetration-wire feed speed 

relationship changed for all the three gas type with voltage and travel speed. The final 

penetration model for 0.045 in and 0.035 in for all the three gases had wire feed speed, 

voltage, travel speed, with an interaction between wire feed speed and voltage and second 
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order polynomial term for wire feed speed (except for 0.035 in, 100% CO2) as common 

significant terms. When the wire feed speed was increased from -1 to +1 there was an 

increase in bead penetration which is largely correlated to the increase in the arc current and 

related forces i.e. higher arc pressures, giving a positive coefficient for all the three gases 

while the second order term had positive coefficient for 100% Ar and 100% CO2 gas whereas 

the 85% Argon-15% CO2 gas had a negative coefficient for this second order term. One of 

the pretexts to this variation is obvious in Figure 32 which shows the penetration profile for 

different gases with varying wire speed and travel speed. It can be seen that welds made with 

100% Ar welds had a finger-like penetration while CO2 had a bell shaped one. This distinct 

finger-like penetration obtained with argon welds produces further penetration giving a 

positive coefficient for argon welds. As travel speed is increased from 10ipm to 44ipm, the 

torch moves faster and the heat input applied per unit length of weld is low at higher speed as 

less time is spent by the torch at a point. This gives the travel speed a negative coefficient, 

indicating that a higher travel speed gives a shallower penetration and vice versa for lower 

speeds.  
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Figure 32. Bead penetration profile with varying shielding gas at WFS:390ipm, V:25V; (a,b,c)-100%Ar with 
TS:20ipm,25ipm,30ipm;(e,f,g)-85%Ar/15% CO2 with TS:20ipm,25ipm,30ipm; (i,j,k)-100% CO2 with 
TS:20ipm,25ipm,30ipm.;(d,h,l) WFS:580ipm,V:25V,85%Ar-15%CO2 with TS:20ipm,25ipm,30ipm  

 From Table 4-1 and Table 4-2 the interaction effect for penetration (depth) varied 

depending on gas type for both the 0.045 in and 0.035 in wire. For 0.045 in wire all the 

gasses had an interaction between wire feed speed and voltage, while 100% Ar and 85%Ar-

15% CO2 gasses had additional wire feed rate interaction with travel speed. These effects are 

represented by a 3D wireframe plot shown in Figure 33. 
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(a) 100%Ar- W*V Interaction 

 
(b) 100%Ar- W*TS Interaction 

 
(c) 85%Ar-15%CO2- W*V Interaction 

  
(d) 85%Ar-15%CO2- W*TS Interaction 

 

  
(e) 100%CO2- W*V Interaction 

 

 

 

  
Figure 33 Interaction Effect of variables on bead penetration for 0.045 in diameter wire 

 The interaction effect of wire feed speed on voltage had a positive coefficient for all the 

gasses showing that depth of penetration increased with increasing wire feed rate and voltage 

as both have positive coefficient. The interaction effect of feed rate with travel speed for 

100% Ar and 85%Ar-15%CO2 also had a positive coefficient, indicating that depth 

progressively increases, even when travel speed is increased, which is due to wire feed speed 
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having positive coefficient, thereby having a greater effect on penetration even when travel 

speed is high. Therefore, when wire feed is increased due to its positive coefficient in 

interaction term, a deeper bead is obtained at higher levels of feed rate, while at lower feed 

rates shallow penetration is obtained.  

Similarly from Table 4-2 for 0.035 in wire all the three gases had interaction effects, 

namely the interaction of wire feed speed with voltage. The interaction effect of wire feed 

speed on voltage had positive coefficient for all the three gasses, which has already been 

discussed in this section (i.e. wire feed rate and voltage have positive coefficient, showing 

that penetration increases with increase in feed rate and voltage). 

Also it should be noted that all the experiments were performed at room temperature with 

no pre-heating given to the plate. If pre-heated, the cooling rate for the weld and plate would 

be slower, resulting in a higher penetration and dilution ratio of weld metal. 

4.2.4 Reinforcement Height 

The filler wire fed during the welding process is melted at the end of the wire tip, and 

transferred through the arc plasma when it is deposited onto the weld base metal. The vertical 

height of this deposited metal is referred to as reinforcement height of weld bead. In general, 

when feed rate is increased the amount of filler metal deposited into the pool increases, 

producing higher weld reinforcement, and when travel speed is increased the amount of metal 

deposited over a unit length of weld bead is less reduced, thereby causing a reduction in 

height of weld reinforcement. Another important parameter which influences the 

reinforcement is voltage and gas type. When voltage is increased the size of arc cone 

increases, producing a better wetting of deposited filler with base metal thereby reducing the 

height of reinforcement. Similarly, a higher conductive gas produces a higher arc temperature 

promoting the circulation and spread of deposited metal. This is shown in  
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Figure 34, which shows relationship between reinforcement height and width with arc 

cone. With increase in voltage the arc cone spread increases the width causing a dip in 

reinforcement height and vice versa at lower arc cone size. 

Low Voltage (Small Arc Cone size) High Voltage (Increase in Arc Cone size) 
 
 
 
 

 
Higher reinforcement, lower width 

 
 
 
 

 
Lower reinforcement, Higher width 

 

Figure 34 Arc Cone relationship with width and reinforcement height 

The reinforcement model fits for both the wire diameters, showed that the concavity of 

the reinforcement-wire speed relation was linear for most levels of voltage and travel speed. 

As the melted wire is deposited as reinforcement, it was obvious that as wire feed speed 

increased from -1 to +1, the statistical model had positive coefficient for wire feed speed for 

all gases except for 100% CO2. For the case of 100% CO2 gas with 0.045 in diameter wire, a 

negative coefficient for the wire feed term is observed at lower levels, and this had a positive 

coefficient for the second order polynomial term for wire feed, indicating increasing 

reinforcement at higher feed rates. The CO2 gas is more thermally conductive, which 

contributes to the negative coefficient. When the travel speed is increased there is a decrease 

in the amount of wire deposited, and hence the model had negative coefficient for travel 

speed among all the gas types. With increases in voltage, the size of the arc cone increases, 

this leads to the voltage negative term.  

From Table 4-1 and Table 4-2, the interaction effect for reinforcement height varied 

depending on gas type for both 0.045 in and 0.035 in wire. For the 0.045 in wire, all the 

gasses had interaction of voltage with wire feed speed and travel speed. The interaction effect 

of wire feed speed on voltage had negative coefficient for 100%Ar and 85%Ar-15% CO2, 

showing that reinforcement decreases with increasing voltage due to increased arc cone size. 

W W 

R 
R 
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The higher voltage negates the effect of higher feed rate, thereby giving the term a negative 

coefficient. This effect is shown by a 3D wireframe plot shown in Figure 35. It can be seen 

that a combination of lower voltage and higher feed rate gives the highest weld reinforcement 

height and vice versa at higher voltage levels. 

 (a) 100%Ar- W*V Interaction  (b) 85%Ar-15%CO2- W*V Interaction 

 (c) 100%CO2- W*V Interaction 
 (d) 85%Ar-15%CO2- W*V Interaction 

(e)100%CO2- V*TS Interaction (f) 85%Ar-15%CO2- V*TS Interaction 
Figure 35 Interaction effects of input variable on Reinforcement Height (a, b, c, e, f) 0.045 in wire; (d) 0.035 in wire 
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Figure 35 shows the control plot with the interaction effect of voltage and travel speed on 

reinforcement height. There is a small increase in the reinforcement at lower voltage and 

travel speed levels compared to high levels. Even though this term was statistically 

significant there appears to be no physical significance for this term. 

4.2.5 Reinforcement Area 

Reinforcement area is the area of filler metal deposited onto the substrate which 

remains above the surface after the welding process. During welding a portion of filler metal 

is lost as evaporated fumes, spatter and other losses, and the remaining metal which is 

deposited after these losses is the actual reinforcement material. Similar to reinforcement 

height, one of the most important factors which influences the reinforcement area is wire feed 

speed, since this directly contributes to the material making up the reinforcement area. 

Voltage influences the losses during the process; contributed by spatter at lower voltage and 

metal lost to fumes at higher voltage. The losses are further discussed in section 4.2.8 where 

deposition efficiency is calculated as actual reinforcement area deposited after losses. 

From the reinforcement area trends for 0.045 in and 0.35in wire diameters, the 

concavity of reinforcement area-wire speed relationship was linear for all levels of voltage 

and travel speed with all the gasses. When wire feed is increased from -1 to +1 the 

reinforcement area increased rapidly as more metal is being deposited giving the term 

positive coefficient. When travel speed was increased from 10 to 40ipm, there was a decrease 

in reinforcement area due to the faster travel of the torch, resulting in a negative coefficient 

for the travel speed term.  

For the welds produced with 0.045 in and 0.035 in wires, all the gasses had an interaction 

of wire feed speed on travel speed for reinforcement area. When using 0.035 in wire with 

100% Ar and 100% CO2 gases, an additional interaction effect is noted between wire feed 
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speed and voltage. A 3D wireframe surface plot outlining the trends of interaction is shown in 

Figure 36.  

 (a) 100%Ar- W*TS Interaction  (b) 85%Ar-15%CO2- W*TS Interaction 

 (c) 100%Ar - W*V Interaction  (d) 100%CO2- W*V Interaction 

Figure 36 Interaction effects of input variable on Reinforcement Area (a) 0.045 in wire; (b, c, d) 0.035 in wire 

From Figure 36 (a, b) it can be seen that for the interaction between wire feed speed and 

travel speed, a higher reinforcement area is obtained at lower travel speed and higher wire 

feed rate, and the reinforcement area decreases as travel speed is increased and feed rate is 

decreased. Likewise Figure 36 (c, d) shows an interaction between wire feed speed and 

voltage. The interaction had a negative coefficient, which explains for the drop in 

reinforcement area at higher voltage levels. 
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4.2.6 Penetration Area 

Penetration area represents the area underneath the substrate which has been heated 

by the arc plasma from the moving torch. Parameters affecting the penetration area are 

comparable to depth of penetration as mentioned in (section 4.1.2) with applied current and 

Lorentz force playing an important role in transferring the heat from arc to the liquid droplet 

and into the pool, causing deeper penetration. From Figure 27 when wire feed speed was 

increased the current associated also increases thereby creating a higher penetration area on 

the substrate. The applied voltage decides the transfer mode and arc pressure exerted onto the 

weld pool, whereas the travel speed controls the amount of hear supplied to the substrate. At 

lower speed more heat is applied and vice versa at higher speed. This gives the travel speed 

term a negative coefficient for all the gasses with both wire diameters, describing an 

increasing penetration at slower torch speed, except for 85%Ar-15 CO2 mixed gas with 0.045 

in diameters which had positive coefficient for travel speed term and a negative coefficient 

for polynomial term of travel speed, explaining an increasing penetration at lower speeds. 

The interaction effect for bead penetration area varied based on gas type for both 0.045 in 

and 0.035 in wire. From Table 4-1 and Table 4-2 all the gas types had an interaction effect 

between wire feed speed and voltage, and an additional interaction effect was present 

between wire feed speed and travel speed for 85% Argon-15% CO2 gas with 0.035 in and 

100%CO2 with the 0.045 in diameter wire. These interaction effects are shown in Figure 37 

by the 3D wireframe surface plot outlining the trends of the interaction. Figure 37 (a, c) 

shows the interaction between wire feed and voltage, and it can be noted that penetration area 

increases continuously with feed rate and voltage. A high penetration area is obtained at 

combinations of high feed rate and voltage levels, and the area decreases with reduction in 

voltage and feed rate. At higher feed-voltage level combinations, the high arc pressure 

exerted onto the weld pool combined with the spray transfer mode promotes higher 
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penetration, compared to short circuit occurring at lower voltage and feed rates. Figure 37 (b, 

d) shows the interaction effect of wire feed speed on travel speed. At lower travel speed when 

the torch moves slowly, the heat input applied per unit area is high. This higher heat input 

applied to substrate at low-travel speed and high feed rate promotes a higher penetration area. 

This effect decreases when travel speed is increased, hence the negative coefficient for the 

term describing the greater influence of travel speed in the term.  

 

 (a) 100%Ar- W*V Interaction  (b) 100%CO2- W*TS Interaction 

 (c) 85%Ar-15%CO2 - W*V Interaction  (d) 85%Ar-15%CO2 - W*TS Interaction 

Figure 37 Interaction effects of input variable on penetration area (a, b) 0.045 in wire; (c, d) 0.035 in wire 

 

4.2.7 Dilution Ratio 

Figure 38 and Figure 39 shows the dilution ratio of welds obtained with 0.035 in and 

0.045 in diameter wires.  Dilution is referred as the ratio of penetrated weld metal area to the 

total area of the weld. A higher dilution can be preferred for thicker substrates/joints to ensure 
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more complete bonding between the plates, while for thinner sections a lower dilution is 

preferred to reduce the HAZ degradation and chance of burn-through. Dilution of weld varies 

based on the process variables selected during welding i.e. current, voltage, travel speed and 

gas type. From Figure 38 and Figure 39 it can be seen that dilution ratio of welds varies 

across the range of heat input, with more scatter around the lower heat input range.  

Two important factors controlling the dilution ratio are power input and travel speed. 

When current and voltage (power input) during welding were increased, the arc pressure 

increases as discussed in previous sections producing deeper penetration, thereby creating a 

higher dilution of weld. Likewise, when travel speed is reduced, the heat input applied is 

higher producing a higher dilution and vice versa at higher speeds. Therefore, a combination 

of high power input- low travel speed gives highest dilution and low power input-high travel 

speed gives lowest dilution. Another important factor effecting dilution is gas type, with 

100% CO2 gas and 85% Argon-15% CO2 gas having higher thermal conductivity producing a 

hotter arc relative to 100% Ar, thereby generating a higher dilution of weld which can be 

seem from the trends in the figure for both the wire diameters.  

 

Figure 38 Dilution ratio for 0.045 in diameter wire 
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Figure 39 Dilution ratio for 0.035 in diameter wire 

4.2.8 Deposition Efficiency  

Deposition efficiency refers to the ratio between the area of wire deposited onto the 

substrate (reinforcement area) to total area of wire consumed during the process (based on the 

wire feed volume divided by the length of the weld). In GMAW, several percent of the 

melted wire may be lost as flumes during the process depending on parameters selected. This 

typically depends on the wire transfer mode and molten droplet temperature, which is related 

to weld heat or power input. 

 Figure 40 and Figure 41 shows the deposition efficiency for beads obtained with 

0.035 in and 0.045 in diameter wires respectively. Deposition efficiency during welding 

varied for beads depending on power input and type of gas used for the process. For low heat 

input parameters, there was more variation in deposition efficiency when compared to ones 

with a higher heat input range.  Low heat input can be grouped as parameters with high travel 

speeds, whereas high heat input are parameters low travel speed rate and high power. At 

lower heat input the mode of metal transfer is predominantly short-circuit, which produces a 

considerable amount of spatter during the welding process resulting in lower deposition 

efficiency. For the CO2 and 85% Argon-15% CO2 shielding gasses, the higher thermal 

conductivity produces a hotter arc, resulting in more metal lost to evaporated fumes 
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compared to pure argon, which can be noted by fitting an average line to the data. This 

indicates that the average deposition efficiency with 0.035 in wire was 90.1% with welds 

made using 100% Ar, 85%Ar-15% CO2, 100% CO2 having an efficiency of 90.1%, 92% and 

88.1% respectively. In comparison, welds made using 0.045 in diameter wire had an average 

overall deposition efficiency of 94.2% and individual efficiency of 93.4%, 94.2% and 95.1% 

for 100% Ar, 85%Ar-15% CO2, 100% CO2 shielding gasses respectively.  

 

Figure 40 Deposition Efficiency for 0.035 in diameter wire 

 

 

Figure 41 Deposition Efficiency for 0.045 in diameter wire 
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4.2.9 Statistical Model 

The models overlaid on the weld bead data in Table 4-1 and Table 4-2, as well as the 

large R2 values in Table 4-3 and Table 4-4, demonstrate that the models explain the 

variability in data accurately. However, the adequacy of the model can be investigated more 

rigorously. One standard appraisal of model adequacy is the analysis of model residuals, 

where a residual is the difference between the measured value and model predicted value. 

Inherent in the models in Equation (8) to Equation (12) the assumption is that the errors 

are random, independent, and uniformly distributed with a mean of zero and constant 

variance. As the model residuals are estimates of the error, the distribution of the model 

residuals should have the same properties as the true error. Equivalently, the residuals can be 

standardized by taking the ratio of the model residual with its standard deviation, where the 

standardized residuals are expected to be distributed normally around zero, with a unit 

variance. By plotting the standardized residuals against a number of variables, each of these 

assumptions can be checked systematically.  

Each model’s standardized residuals are plotted against test order as shown in Figure 42, 

to check if there is any obvious pattern in the residuals with order and whether they are fairly 

evenly distributed about zero, suggesting the independence assumption is satisfactory. From 

Figure 42 it can be seen that all reinforcement residuals have a magnitude of approximately 1 

mm or less, indicating there are no outliers. Nevertheless, the models have shown that they do 

not appear to be dependent on the test-order affirming that they are independent.  
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Figure 42: Q-Q plot, model standardized residuals plotted as a function of predicted values, residual histogram and 
standardized residuals as a function of test order for Reinforcement Height of 100%Ar (0.035 in wire) 

Likewise, standardized residuals as a function of test order should be checked for 

patterns. If no pattern are observed as in Figure 42 when the residuals were plotted against 

their corresponding model predicted value, it indicates that the form of the models used were 

suitable. 

The normality assumption can be checked by plotting the standardized residuals against a 

normally distributed data set, as in the quantile-quantile (QQ). If the residuals are normally 

distributed with mean zero and unit variance, they should fall along a straight line when 

plotted against the quantiles of a normal distribution with mean zero and unit variance. From 

Figure 42 the residuals fall along a straight line reasonably well overall, although there is 

some deviation from the trend with the largest magnitude residuals. However, this deviation 

typically occurs as the tail end of the distribution is approached. The histogram bar charts 

show the residuals and their frequency and a bell curve specifies the uniform distribution of 

the data. Figure 42 shows a bell curve distribution of data, confirming that the residuals are 
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uniformly distributed over the sample space. Overall, inspection of the residuals should be 

checked for all the models to confirm it does not raise any concerns; and whether the 

assumptions about model errors are satisfied, and if the models are adequate in describing the 

data. 

For the model in Figure 42 the inspection of the residuals does not raise any concerns; the 

assumptions about model errors are satisfied, and therefore the models are adequate in 

describing the data. The residual plots for each model from regression were checked for their 

residuals and were found to be satisfactory, with no specific pattern or peculiar observations. 

4.2.10 Test for variance in data (F Test) 

In this study a total of 121 welds were produced for each wire diameter and two cross-

sections were cut within the welds to measure different bead geometries such as depth, 

reinforcement height, reinforcement area, and penetration area. From the table in Appendix E 

it can be noted that for the same parameters, the measured values for each geometry within 

the cross sections of same bead slightly vary.  Thus, to test for variation in collected data, the 

F-statistics test was performed which compares the variances of samples to an estimate if 

variances are same or different. The procedure and results of the test are discussed below in 

this section as follows.  

a) Test for variance in experimental data within the cross sections of weld bead 

As with every statistical hypothesis testing there was two hypothesis set-up for this 

test. The null-hypothesis in this testing is that variances of the cross sections are the same and 

the alternate hypothesis is that the variance is different. The F-value for each of the bead 

geometries was calculated as the ratio of the larger variance to smaller variance. The 

calculated value of F is compared with critical (table) Fc value at significance level of 5% to 

estimate the hypotheses. The full test results of this F-Test are given in Appendix E.  It was 
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found that calculated F <Fc (i.e. critical value of F is greater than calculated value), so we can 

accept the null hypothesis and infer that there is not any variation between the data obtained 

from cross sections. 

b) Test for variance in predicted data between different wire diameter 

For this study, welds produced with ER 70S-6 wires with two different diameters 

(0.035 in and 0.045 in) were evaluated. The 0.045 in wire is 1.63 times larger in size by 

cross-sectional area when compared to the 0.035 in wire. To know whether the regression 

models for each geometry and data obtained by these two wires vary significantly or not, the 

F-test was done on the values predicted by the regression models of each wire. If the 

variances between the wires are same, regression models for other wire diameters can be 

derived based on present experimental/predicted data for each geometry. 

The same values for voltage, travel speed were inputted into the models for both of 

the wire diameters and wire feed speed was multiplied by a factor of 1.63 to the feed rate of 

0.045 in wire, to get the equivalent wire feed speed for 0.035 in wire. An F-Test was 

performed on each of the bead geometry between two wires types for each gas at a 0.05 (5%) 

significance level and it was found that calculated F >Fc (i.e. calculated value of F is greater 

than critical value) for most of the bead geometries, implying that there is not a significant 

variation between the predicted data obtained between two different wires.  

4.3 Model Validation 

While the models given in Table 4-1 and Table 4-2 describes the data reasonably 

well, the true utility of a model is not in the ability to describe an existing data set, but the 

ability to predict future response. To validate the statistical model obtained for different each 

of the weld geometry, a number of experimental tests were conducted. Experiments were 
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performed for different weld configurations with the results obtained from each of the tests 

discussed in this section.  

4.3.1 Parameter 

This section lists the parameters used in model validation for testing the statistical 

model in the three welding/joint positions, from the basic bead on plate, to fillet, and V-

groove joints. The basis for choosing fillet and V-groove geometry is, it’s one of the most 

commonly used configuration used in construction and pipeline joint designs. The schematic 

diagram of these weld configuration are shown in Figure 43. 

  

a) Fillet Weld b) V-Groove-with  root 
Figure 43 Weld joint geometry configuration 

4.3.1.1 Bead on plate 

For validating the statistical model for each bead geometries obtained based on experimental 

results conducted as in bead on plate, and a number of tests were performed as bead on plate 

welds for different gas types. A total of 24 welds were performed with eight for each gas. The 

parameters for test were taken as intermediate levels (factors -0.75,-0.50,-0.25, +0.25, +0.50, 

+0.75). The parameters used for tests were same for all the gases and are given in Table 4-5.  

Table 4-5 Parameter for model validation- bead on plate test 

Test# Wire Feed Speed (ipm) Voltage (V) Travel Speed (ipm) 
1 247.5 20 16 
2 295.0 21 20 
3 342.5 23 24 
4 437.5 25 28 
5 485.0 27 32 
6 532.5 30 36 
7 485.0 25 24 
8 532.5 27 28 
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4.3.1.2 Fillet Weld 

Fillet tests were done by placing plate perpendicular to each other. A total of 8 tests 

were done for fillet joint condition, five with 0.045 in wire and 3 using 0.035 in diameter 

wire. Plates with thickness values of 1/4 and 1/8 inch were used for this test. The parameters 

used for fillet weld test is given in the Table 4-6 and Table 4-7. 

Table 4-6 Parameter for fillet test (0.045 in wire) 

# WFS V TS Gas Thickness 
Fillet 1 350 23 20 100%CO2 1/4in (6.35mm) 
Fillet 2 475 25 25 100%CO2 1/8in (3.175mm) 
Fillet 3 325 24 23 85%Ar-15%CO2 1/4in (6.35mm) 
Fillet 4 450 26 20 85%Ar-15%CO2 1/8in (3.175mm) 
Fillet 5 435 28 26 100%Ar 1/8in (3.175mm) 

Table 4-7 Parameter for fillet test (0.035 in wire) 

# WFS V TS Gas Thickness 
Fillet 1 400 24 23 85%Ar-15%CO2 1/8in (3.175mm) 
Fillet 2 400 24 23 100%CO2 1/8in (3.175mm) 
Fillet 3 500 30 20 100%Ar 1/8in (3.175mm) 

 

4.3.1.3 V-Groove 

A total of five experimental tests were conducted on V-groove with a 45° groove angle. V-

groove were made on a plate with ½ in (12.7 mm) thickness, and a multi-pass weld was 

performed on V-groove using both 0.035 in and 0.045 in with different shielding gases. The 

parameters used for root, fill and cap passes are listed in the Table 4-8 which was obtained 

from prior studies [47] with some modification.   
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Table 4-8 Parameter for V-groove test (0.035 in wire) 

# 
Wire Diameter 

(Gas Type) 
#Pass 

WFS 
(ipm) 

V 
(V) 

TS 
(ipm) 

A 
0.045 in ER70 S-6 

(100% Ar) 

Root 380 23 24 
Fill (1) 400 26 17 
Fill (2) 425 28 20 

Cap 490 30 22 

B 0.045 in ER70 S-6 
(85% Ar-15 %CO2) 

Root 375 23 24 
Fill (1) 520 29 16 
Fill (2) 520 29 16 

Cap 400 31 22 

C 
0.045 in ER70 S-6 

(100%CO2) 

Root 390 23 23 
Fill 475 27 19 
Cap 490 30 15 

D 
0.035 in ER70 S-6 
(85% Ar-15 %CO2) 

Root 350 25 28 
Fill (1) 425 26 15 
Fill (2) 500 27 19 

Cap 610 29 20 

E 0.035 in ER70 S-6 
(100%CO2) 

Root 380 25 22 
Fill (1) 440 26 18 
Fill (2) 580 28 16 
Fill (3) 500 26 20 

Cap 600 31 30 
 

4.3.2 Model Prediction- Results and Discussion 

The results of measured and predicted values of bead geometries for bead on plate, is 

given in Appendix F and for fillet and V-groove welds in Table 4-10 and  

Table 4-11. The comparison of weld bead measurements and model predictions for 

each model from bead on plate tests are summarized in Figure 44, in which the predicted 

values are plotted against the measured value. The points closer to the line presents better fit, 

while the points far from the linear line represent poor fit of the model for measured data. If 

the data points are on left side of the line, it indicates that the predicted value is higher than 

the measured value. From the plots it can be seen that results of bead geometry measured 

from experiment and the predicted value falls close to the 1:1 line, showing a rather good fit 

and the predictive power of the regression model. Since the model prediction intervals were 
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created using a relatively high significance level of 95%, only 5% of measurements are 

expected to fall outside the interval. 

Overall, out of 24 points, there were 3 points outside the prediction interval for 

current, depth and reinforcement height models, whereas width and reinforcement height had 

four points outside the interval, which is reasonable considering the inherently high 

variability of those geometries.   In comparison, penetration area had no points outside the 

predicted interval due to higher standard error because of their complicated varying nature, 

even though there were more points scattered beyond the 1:1 line. The Table 4-9 shows the 

list of parameters with points outside the prediction interval. 
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(a) Current (b)Width 

  

(c) Penetration (d) Reinforcement Height 

  

(e)Reinforcement Area (f)Penetration Area 

Figure 44 Fit- between predicted and measured value 0.045 in wire 
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Table 4-9 Parameters with points outside the prediction interval (in bold) 

Trial 
# 

Gas Type 
Width (mm) Depth (mm) 

Reinforcement 
Height(mm) 

Reinforcement 
Area (mm2) 

Measu
-red 

Predict-
ed 

Measu
red 

Predicted Meas-
ured 

Predicte
d 

Meas-
ured 

Predict
ed 

1 100% Ar 8.39 
8.11 

±1.22 1.83 1.71±0.53 2.98 
2.69±0.

39 14.44 
13.26±

0.74 

6 100% Ar 9.60 
8.83±1.

22 
4.67 5.05±0.53 3.13 

2.82±0.
39 

21.47 
17.04±

0.74 

8 100% Ar 11.02 10.51±
1.22 

3.62 4.19±0.53 3.36 3.24±0.
39 

18.02 18.22±
0.74 

5 
85%Ar-
15%CO2 10.38 

9.60±0.
60 3.88 

4.21±0.47 
 2.92 

2.90±0.
30 15.11 

14.54±
0.97 

6 
85%Ar-
15%CO2 9.05 

8.21±0.
60 4.18 

4.73±0.47 
 2.74 

2.83±0.
30 14.73 

13.68±
0.97 

8 85%Ar-
15%CO2 

10.81 10.03±
0.60 

4.42 4.59±0.47 3.08 3.31±0.
30 

19.29 18.85±
0.97 

5 100%CO2 8.64 7.71±0.
71 

4.15 5.08±0.54 3.00 3.57±0.
39 

15.14 14.07±
0.87 

6 100%CO2 9.74 
9.62±0.

71 3.61 3.49±0.54 2.99 
3.54±0.

39 20.33 
20.85±

0.87 

8 100%CO2 9.92 
9.10±0.

71 
4.07 4.27±0.54 3.24 

3.75±0.
39 

19.21 
19.32±

0.87 
 

Most of the parameters lying outside the interval correspond to high power input 

conditions. For weld bead width, the values predicted by the model were less than the 

measured value for the points. This can be explained by the plateau of the fit achieved in 

between the 25 to 30V range across the travel speeds, causing the model to slightly under-

predict, and this is also the same case for the reinforcement height model which has a similar 

trend. For the bead depth, the model has a concave up fit (exponential) at high wire feed-

voltage-travel speed rates causing an over-estimation of the predicted values indicating the 

increase is at a slower pace than expected. Another consideration is that weld depth is 

considering the penetration profile of a deep column-like protrusion (i.e. finger like 

penetration) of the weld, as was observed earlier with argon and 85% Argon-15% CO2 gas, 

which is expected to have some effect when measuring the depth. For reinforcement area 

though the model had almost linear fit, the values were moderately under-predicted at higher 

feed and travel speed rate. Among the test data, one of the points which had a higher 
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measured reinforcement value compared to the predicted one was trial #6. Also it was found 

that the area for measured reinforcement was higher than the actual theoretical reinforcement 

area for the weld. Even though the reinforcement area model was fairly linear, one of the 

reasons for the point being outlier is because of the travel speed which was used to perform 

the welding was around 36ipm. This higher travel speed is likely to begin experiencing 

oscillations in the weld pool, causing variation in reinforcement area of weld along the cross 

section. Another possible reason could be with 100%Ar gas the range of travel speed in DoE 

was 10-30ipm, and the point made using 36ipm could experience different arc dynamics, 

thereby causing the model to under-estimate the prediction of reinforcement area. 

For fillet and V-groove welds, only two geometric dimensions namely reinforcement 

area and penetration area were measured for each welds. Figure 45 shows a cross section 

macro image of a weld made on the V-groove with a backing (V-groove #3), with the root, 

fill and cap pass shown separately.  

a) Root Pass b) Fill Pass c) Cap Pass 
Figure 45 Cross section macro image of V-Groove #3 

 

 

 

 

 

 



87 
 

Table 4-10 Fillet Weld-Measured and Predicted Values 

Wire #Fillet 
Reinforcement Area (mm2) Penetration Area (mm2) 
Measured Predicted Measured Predicted 

ER 70S-6 
(0.045 in) 

Fillet 1 17.62 16.83±0.87 15.60 14.42±2.06 
Fillet 2 18.74 17.93±0.87 19.78 18.25±2.06 
Fillet 3 14.21 14.47±0.97 23.10 18.01±1.57 
Fillet 4 22.52 23.04±0.97 26.22 24.73±1.57 
Fillet 5 15.95 15.73±0.74 17.49 15.23±2.76 

ER 70S-6 
(0.035 in) 

Fillet 1 10.78 10.78±1.04 7.31 6.78±1.57 
Fillet 2 9.98 10.06±0.91 9.21 7.71±2.06 
Fillet 3 14.71 15.08±1.78 11.84 9.1±2.76 

 

Table 4-11 V-Groove weld-Measured and Predicted Values 

#Groove #Pass 
Reinforcement Area (mm2) Penetration Area (mm2) 
Measured Predicted Measured Predicted 

A 

1-Root 14.53 14.8±0.74 5.02 14.92±1.19 
2-Fill (1) 23.83 22.80±0.74 12.32 22.04±1.19 
3-Fill (2) 21.78 20.34±0.74 23.73 19.9±1.19 

4-Cap 21.54 21.16±0.74 18.01 20.76±1.19 

B 

5-Root 15.85 15.93±0.97 8.94 15.93±3.19 
6-Fill (1) 23.12 23.16±0.97 14.31 23.16±3.19 
7-Fill (2) 30.08 31.34±0.97 16.7 31.34±3.19 

8-Cap 16.34 18.82±0.97 14.58 18.82±3.19 

C 
9-Root 17.45 17.4±0.87 10.97 13.49±4.32 
10-Fill 25.56 25.54±0.87 17.78 24.24±4.32 
11-Cap 33.53 31.32±0.87 31.32 32.12±4.32 

D 

12-Root 7.76 7.36±1.04 1.22 5.02±1.57 
13-Fill (1) 16.6 17.17±1.04 12.18 11.87±1.57 
14-Fill (2) 14.42 16.22±1.04 13.93 13.09±1.57 

15-Cap 18.65 18.07±1.04 16.72 19.21±1.57 

E 

16-Root 8.18 10.10±0.91 3.12 8.47±2.06 
17-Fill (1) 14.97 14.99±0.91 9.23 11.92±2.06 
18-Fill (2) 22.92 21.80±0.91 10.47 18.83±2.06 
19-Fill (3) 14.51 15.23±0.91 15.52 12.87±2.06 

20-Cap 11.59 10.01±0.91 11.33 20.15±2.06 
 

Table 4-10 shows the measured and predicted values for fillet welds. It was observed 

that reinforcement area for the fillet weld was same as the case of bead on plate welds, since 

this only considers the melted wire deposited onto the substrate. However, for penetration 

area, an increase in area was observed for almost all the fillet welds. In the case of bead on 

plate conditions, the only penetration is from the top of the substrate, but with fillet welds 
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there is additional penetration on sides of the substrate held at an angle, leading to a higher 

penetration rate in the substrate for fillet joints.  

  

(a)Reinforcement area (b) Penetration area 

Figure 46 Fit- between predicted and measured value- Fillet Weld 

The comparison of measured weld bead dimension and model predictions for 

reinforcement and penetration area is shown in Figure 46, with predicted values plotted 

against the measured value from the bead on plate test. Here the points closer to line signify a 

good fit between predicted and measured value. It can be seen from the plots for the 

reinforcement area that almost all the points were on line, indicating an excellent fit, whereas 

for penetration area the points were at right side of the line indicating a highvalue for 

penetrated area. Only one value of penetration was outside the prediction interval, and all the 

reinforcement measurements were within predicted interval. The high value measured for 

penetrated area can be explained by the increased area of fillet coming under the contact with 

moving arc. 

Table 4-11 shows the measured and predicted values for various weld passes with a 

45° V-groove. Comparing the predicted and measured values, the penetration area for a 

different pass i.e. the area of the substrate penetrated, varied by a greater extent for most of 

the weld passes. For a V-groove the penetration area represents area penetrated into the side 
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walls of groove and back plate in case of groove with plate-backing, and penetration through 

deposited metal in case of multiple-pass welds.  

  
(a) Reinforcement Area (b) Penetration Area 

 
(c) Penetration Area – Classified according to passes 

Figure 47 Fit- between predicted and measured value- V-groove Weld 

The Figure 47 shows a plot between predicted and measured values for passes 

performed on V-Groove. From left plot it can be seen that for reinforcement area most of the 

data points for welds were along the line showing a good fit between the predicted and 

measured value. Whereas for the penetration area most of the data points were above the 1:1 

line indicating a higher predicted value for penetration area versus the measured value. The 

rationale behind this lower penetration in this multi-pass welding is the increase in cooling 

rate with high thickness of work sample [48]. Thickness and area of the work sample effect 

the heat conduction and essentially the cooling rate. With higher cooling rate, the heat 

retained on the sample is less, because of this a thicker work piece acts as heat sink causing to 
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cool the weld down more quickly [16, 49]. This causes the V-groove welds with a ½ inch 

(12.7 mm) plate thickness to act as better heat sink, which in turn produces lesser penetration 

area in weld compared to a bead on plate weld.  
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Chapter 5. Conclusion and Future work 

5.1 Conclusion 

A factorial experimental design was used to study the effect of process parameters on bead 

geometry in Gas Metal Arc Welding, and statistical models were developed based on the 

experimental work. The following conclusions were reached: 

 The statistical models are developed in this work and can be applied to predict the 

bead geometry and to select the required parameters to achieve specific bead 

geometry. The models can be developed into a calculator, which can also further be 

used to develop procedure plan for multi-pass welding and fillet welds.   

 From experimental data it was shown to be determined that the welding travel speeds 

predominantly had negative effect on most of the bead geometry while wire feed 

speed had a positive effect and voltage a mixed- positive/negative effect on bead 

geometry.  

 Voltage was the dominant factor in weld width and was seen to be greatly correlated 

with reinforcement height, with a decreasing influence on width rate at values 25-30V 

and lower travel speed being compensated by higher reinforcement.  

 It was observed that penetration, reinforcement height and area for penetration and 

reinforcement increased with wire feed speed and voltage, while higher travel speed 

had negative effect altering the concavity of model fits along with shielding gas type. 

 Overall the models predicted new experimental data fairly well. This is particularly 

interesting; given the rather large range of wire feed speeds, voltage and travel speed 

used in the experiment respectively (from 200 to 580ipm, 20 to 30 V and 10 to 

44ipm). Validation tests done in bead on plate condition showed good prediction 

capabilities of the regression model with only 3 points outside the prediction interval 
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for current, depth and reinforcement height models, while width and reinforcement 

height had four points outside the interval out of 24 points, which is reasonable 

considering the range of parameters and inherently high variability of the geometries. 

Comparatively the average relative error (%) between predicted and measured values 

were 2.42%, 5.77, 7.66%, 6.97%, 3.92%, 7.63% for current, width, penetration, 

reinforcement height, reinforcement area and penetration area.  

 The validation tests done on V-groove joint showed over prediction for penetration 

area by the model due to the effect of thickness, while fillet condition had only out of 

8 trial points was outside the prediction interval.  Therefore one of the effects of using 

thicker plate is that it will be expected to cool down faster due to a larger cross 

section, producing lower penetration and width with thicker plates and vice versa 

from thinner plates. 

 Even though the measurements of bead geometry varied within the cross sections of 

the bead, results of F-tests showed that there was no statistically significant difference 

between the data measured from experimental results at 5% significance level. And 

similarly comparing the variation between the different diameters, it was found that 

there was a significant difference between predicted from models of 0.045 in and 

0.035 in wire diameters. 
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5.2 Future Work 

5.2.1 Refined experimental database 

The scope for future possible work that can be extended to the current work being performed 

in this study include: 

 Performing experiments on different wire types and material to derive statistical 

models for some of the most commonly used welding wires types and diameters. One 

may also conduct additional experiments using a calorimeter to determine the thermal 

efficiency. 

 Analyzing the effect of different transfer modes on the bead geometry, to study the 

effect of variability in bead width, depth and penetration area at high arc power inputs 

(at globular and spray transfer mode). 

 Perform mechanical testing on welds to provide a methodology to predict/estimate the 

mechanical properties of welds based on the experimental welds made so far. 

 A sensitivity analysis can be further performed on statistical model to measure the 

uncertainty in output of the bead geometry by varying set of dependent variable at a 

time (i.e. keeping a set of inputs constant and varying one at a time), to know how 

sensitive is the output for a slight variation in the input variable. 

 Perform statistical regression analysis on penetration area measured from V-grove 

welds and provide a correction factor to account for the effect of faster cooling rate on 

penetration area due to the thickness of the groove. 

 Perform additional tests on different joint geometries to further validate the statistical 

models developed. 
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5.2.2 Welding app 

 The statistical model developed from this study was developed into a welding app with help 

of a student from Systems Design Engineering at University of Waterloo with the funding 

from Canadian Welding Bureau. A preview beta version of this welding app is shown in 

Figure 48. The welding app allows for user to enter the input parameters and provides 

prediction for different features of weld bead such as the dimensions of geometry for various 

weld joint geometry, number of passes required in case of multi-pass welding and cost 

analysis for the process. The statistical model for different wire types can be added to this 

app, and develop this as an open source tool where researchers/engineers/welders can add 

weld data to provide the welding community a predictive methodology to estimate the bead 

geometry and other interesting features of welds such as mechanical characteristics. 

 
Figure 48 CWB Welding App- Beta Version Preview 
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Appendix A: Experimental Data-Results 
Wire Type: ER70 S-6 

Wire Diameter: Manufacturer label (0.9mm; 0.035 in), Measured (0.9mm) 

Gas: 100%CO2 

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 250 20 16 115.20 6.78 1.35 2.71 8.91 4.71 0.90 0.35 1.3 2.66 8.50 5.71 0.86 0.40 
2 425 20 16 159.52 7.08 1.77 3.54 16.1 7.04 0.95 0.30 1.83 3.65 15.83 5.51 0.94 0.26 
3 600 20 16 197.56 7.34 1.88 3.64 23.03 7.64 0.97 0.25 1.9 3.91 22.65 6.21 0.95 0.22 
4 250 25 16 118.20 8.02 1.32 1.81 8.73 5.78 0.88 0.40 1.23 1.71 9.00 3.97 0.91 0.31 
5 425 25 16 166.83 10.43 2.21 2.89 16.34 11.85 0.97 0.42 2.08 3.12 16.27 10.30 0.96 0.39 
6 600 25 16 209.58 9.35 2.36 3.56 21.62 13.62 0.91 0.39 2.56 3.36 21.85 12.41 0.92 0.36 
7 250 30 16 129.96 9.36 1.35 1.75 9.65 11.07 0.97 0.53 2.01 1.84 9.79 11.32 0.99 0.54 
8 425 30 16 180.22 11.35 2.34 2.56 16.33 16.49 0.97 0.50 2.14 2.45 16.38 16.75 0.97 0.51 
9 600 30 16 224.55 12.07 3.09 2.87 22.9 25.98 0.96 0.53 3.27 3.07 23.17 25.66 0.97 0.53 

10 250 20 23 105.76 4.18 1.11 2.36 6.04 2.52 0.87 0.29 0.91 2.16 5.98 2.88 0.87 0.33 
11 425 20 23 157.36 4.83 1.38 3.14 10.34 4.46 0.88 0.30 1.16 2.94 10.60 4.76 0.90 0.31 
12 600 20 23 190.22 5.46 1.61 3.74 16.16 5.45 0.97 0.25 1.64 3.93 16.36 5.25 0.99 0.24 
13 250 25 23 116.21 6.17 1.24 1.83 4.35 5.46 0.63 0.56 1.15 1.16 5.61 5.20 0.81 0.48 
14 425 25 23 168.51 8.16 1.57 1.79 7.86 9.61 0.67 0.55 1.98 1.68 9.96 9.51 0.85 0.49 
15 600 25 23 210.35 9.08 2.54 3.03 16.21 15.06 0.98 0.48 2.76 3.05 16.49 14.78 0.99 0.47 
16 250 30 23 131.06 7.54 1.51 1.79 5.83 7.42 0.84 0.56 1.5 1.3 6.58 7.67 0.95 0.54 
17 425 30 23 181.42 8.58 2.17 2.32 10.52 13.74 0.90 0.57 2.01 2.21 10.93 14.56 0.93 0.57 
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18 600 30 23 220.93 8.4 3.07 2.74 14.58 19.4 0.88 0.57 3.07 2.7 14.85 19.20 0.90 0.56 
19 250 20 30 118.15 4.23 1.09 1.86 3.32 2.55 0.63 0.43 0.94 1.11 3.70 2.29 0.70 0.38 
20 425 20 30 160.85 4.68 1.37 2.45 8.11 3.27 0.90 0.29 1.23 2.84 7.84 3.17 0.87 0.29 
21 600 20 30 191.49 4.11 1.11 3.25 10.97 2.72 0.86 0.20 0.88 3.09 11.04 2.44 0.87 0.18 
22 250 25 30 116.94 4.97 0.95 1.26 4.08 3.13 0.77 0.43 0.78 1.26 4.65 3.38 0.88 0.42 
23 425 25 30 171.63 5.69 1.62 1.95 8.35 7.88 0.93 0.49 1.53 2.18 8.21 8.70 0.91 0.51 
24 600 25 30 212.57 5.33 2.28 2.78 12.26 9.65 0.96 0.44 2.32 2.83 12.21 10.65 0.96 0.47 
25 250 30 30 127.96 5.87 1.19 1.71 5.14 7.06 0.97 0.58 1.33 1.53 4.87 5.53 0.92 0.53 
26 425 30 30 181.23 7.07 1.59 1.96 7.05 10.82 0.78 0.61 1.84 1.63 8.11 9.39 0.90 0.54 
27 600 30 30 225.65 8.32 2.56 2.41 8.51 16.09 0.67 0.65 2.41 2.14 9.25 16.32 0.73 0.64 
28 308 21.6 10 140.90 7.44 3.44 0.57 16.75 3.49 0.86 0.17 3.67 0.63 16.55 3.63 0.85 0.18 
29 367 21.6 10 168.18 8.92 2.24 3.29 21.26 10.69 0.91 0.33 2.13 3.39 21.00 10.74 0.90 0.34 
30 308 23.4 10 152.74 10.01 2.03 2.32 19.17 11.63 0.98 0.38 2.19 2.72 19.07 11.90 0.97 0.38 
31 367 23.4 10 168.11 10.38 1.96 3.43 20.84 11.51 0.89 0.36 2.01 3.27 20.56 11.45 0.88 0.36 
32 308 21.6 13 128.22 6.48 0.42 3 13.61 2.31 0.90 0.15 0.72 3.07 13.86 2.57 0.92 0.16 
33 367 21.6 13 171.01 8.39 2.49 3.28 16.24 12.62 0.90 0.44 2.46 3.14 17.06 12.82 0.95 0.43 
34 308 23.4 13 121.83 7.62 0.81 2.88 13.73 3.42 0.91 0.20 0.96 2.64 14.73 3.68 0.98 0.20 
35 367 23.4 13 158.78 9.2 2.58 3.26 16.58 12.27 0.92 0.43 2.39 3.12 15.05 12.37 0.84 0.45 
36 484 26.6 37 199.30 6.64 2.07 1.84 8.13 7.71 0.98 0.49 1.84 2.04 6.70 7.99 0.81 0.54 
37 542 26.6 37 217.02 6.08 2.12 2.31 7.75 8.42 0.83 0.52 1.98 2.16 5.94 8.01 0.64 0.57 
38 484 28.4 37 212.13 6.49 2.1 2.5 8.06 10.57 0.97 0.57 2.31 2.39 8.21 10.30 0.99 0.56 
39 542 28.4 37 230.85 7.13 2.76 2.4 7.55 13.53 0.81 0.64 2.84 2.14 6.34 13.15 0.68 0.67 
40 484 26.6 44 199.01 6.21 1.47 1.66 5.17 7.99 0.74 0.61 1.59 1.86 5.82 8.26 0.83 0.59 
41 542 26.6 44 215.37 6.04 2.21 2.31 6.18 7.74 0.79 0.56 2.04 2.04 6.44 7.67 0.82 0.54 
42 484 28.4 44 206.41 6.03 2.33 1.75 6.14 9.23 0.88 0.60 2.16 1.94 5.82 9.46 0.83 0.62 
43 542 28.4 44 220.02 6.18 2.39 1.73 6.21 12.32 0.79 0.66 2.42 1.83 6.57 12.46 0.84 0.65 
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Gas: 85%Ar -15%CO2 

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 250 20 16 129.29 6.64 1.26 2.28 9.14 4.38 0.92 0.32 1.08 2.39 8.94 4.44 0.90 0.33 
2 425 20 16 176.829 7.08 1.79 3.03 16.52 7.05 0.98 0.30 1.83 2.99 16.27 6.87 0.96 0.30 
3 600 20 16 219.67 8.74 2.01 3.71 21.02 12.94 0.88 0.38 2.63 3.47 21.87 12.79 0.92 0.37 
4 250 25 16 135.33 8.19 1.17 1.92 9.57 7.23 0.96 0.43 1.54 2.01 9.38 7.54 0.94 0.45 
5 425 25 16 183.56 9.45 2.41 2.61 14.99 11.76 0.89 0.44 2.04 2.46 15.34 11.87 0.91 0.44 
6 600 25 16 225.71 11.43 3.07 2.83 21.35 18.61 0.90 0.47 3.18 3.01 20.97 18.88 0.88 0.47 
7 250 30 16 148.10 9.37 0.95 1.67 9.16 6.25 0.92 0.41 0.71 1.59 8.80 5.90 0.89 0.40 
8 425 30 16 197.71 12.13 2.14 2.48 16.46 10.07 0.97 0.38 1.71 2.09 16.75 10.24 0.99 0.38 
9 600 30 16 246.98 13.72 2.97 2.82 22.81 22.31 0.96 0.49 3.56 2.76 23.01 22.63 0.97 0.50 

10 250 20 23 120.73 5.39 0.84 1.72 6.06 3.37 0.88 0.36 1.03 1.54 5.70 3.19 0.82 0.36 
11 425 20 23 169.35 6.59 1.56 2.65 11.63 6.83 0.99 0.37 2.49 1.43 10.90 6.82 0.93 0.38 
12 600 20 23 214.52 6.85 2.08 3.21 11.62 10.73 0.70 0.48 1.92 3.14 12.78 10.39 0.77 0.45 
13 250 25 23 131.02 7.55 1.02 1.26 6.84 5.09 0.99 0.43 1.13 1.45 6.62 5.38 0.96 0.45 
14 425 25 23 180.44 8.54 1.94 2.19 10.89 6.67 0.93 0.38 1.61 1.63 10.87 6.42 0.93 0.37 
15 600 25 23 222.18 8.67 2.76 2.34 15.96 9.95 0.96 0.38 2.63 2.45 15.62 10.04 0.94 0.39 
16 250 30 23 148.51 8.41 0.91 1.46 6.37 4.22 0.92 0.40 0.77 1.44 6.45 3.99 0.93 0.38 
17 425 30 23 195.16 10.02 2.11 1.91 11.13 10.56 0.95 0.49 1.81 1.73 10.96 10.77 0.93 0.50 
18 600 30 23 243.10 10.81 3.19 2.24 14.31 20.1 0.86 0.58 3.12 2.08 14.22 20.37 0.86 0.59 
19 250 20 30 119.37 6.03 0.79 1.42 4.95 3.59 0.93 0.42 0.72 1.4 4.63 3.52 0.87 0.43 
20 425 20 30 172.87 6.79 1.61 2.08 8.55 6.01 0.95 0.41 1.41 2.09 8.91 6.24 0.99 0.41 
21 600 20 30 213.54 6.14 1.64 2.96 11.94 6.41 0.94 0.35 1.9 2.75 12.24 6.55 0.96 0.35 
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22 250 25 30 132.67 6.99 0.84 1.19 4.48 4.6 0.85 0.51 0.95 1.11 4.12 4.65 0.78 0.53 
23 425 25 30 188.13 7.36 1.75 1.88 8.58 7.78 0.95 0.48 1.68 1.79 8.18 8.05 0.91 0.50 
24 600 25 30 220.45 7.96 2.54 1.95 12.268 11.432 0.96 0.48 2.61 2.34 12.04 11.37 0.95 0.49 
25 250 30 30 149.12 6.62 0.53 1.22 4.79 3.53 0.90 0.42 0.47 1.2 4.85 3.79 0.92 0.44 
26 425 30 30 197.91 8.92 1.64 1.92 9.81 5.6 1.09 0.36 1.26 1.44 9.99 5.80 1.11 0.37 
27 600 30 30 234.97 8.88 2.56 2.06 11.35 15.24 0.89 0.57 2.61 2.01 11.48 15.50 0.90 0.57 
28 308 21.6 10 169.17 10.09 1.84 3.03 17.03 9.72 0.87 0.36 1.86 3.06 16.93 9.82 0.86 0.37 
29 367 21.6 10 185.28 11.08 2.42 2.83 16.57 14.25 0.71 0.46 2.28 2.71 16.66 14.53 0.71 0.47 
30 308 23.4 10 170.57 10.93 1.81 3.1 19.01 13.93 0.97 0.42 1.93 3.12 19.10 13.68 0.98 0.42 
31 367 23.4 10 184.05 12.06 2.07 3.22 21.17 10.61 0.91 0.33 1.9 3.21 21.39 10.72 0.92 0.33 
32 308 21.6 13 167.51 9.13 1.93 2.52 14.61 6.46 0.97 0.31 1.78 2.47 14.82 6.73 0.98 0.31 
33 367 21.6 13 187.61 9.75 2.23 2.58 17.47 9.74 0.97 0.36 2.11 2.72 17.54 9.39 0.98 0.35 
34 308 23.4 13 161.40 9.86 1.48 2.19 13.67 8.48 0.91 0.38 1.68 2.24 13.34 8.65 0.89 0.39 
35 367 23.4 13 181.91 11.06 2.02 2.47 17.11 10.48 0.95 0.38 2.23 2.56 17.12 10.80 0.95 0.39 
36 484 26.6 37 217.96 7.44 2.03 1.44 7.24 7.33 0.87 0.50 1.99 1.53 7.10 6.93 0.85 0.49 
37 542 26.6 37 232.35 7.84 2.42 2.09 7.92 9.65 0.85 0.55 2.36 2.15 8.20 9.29 0.88 0.53 
38 484 28.4 37 228.55 8.19 2.41 1.59 7.33 9.3 0.88 0.56 2.31 1.54 7.61 9.07 0.91 0.54 
39 542 28.4 37 243.63 8.02 2.28 1.97 9.05 11.04 0.97 0.55 2.51 1.93 8.85 10.90 0.95 0.55 
40 484 26.6 44 214.99 7.69 1.72 1.68 6.74 6.92 0.96 0.51 1.66 1.53 6.63 6.99 0.95 0.51 
41 542 26.6 44 230.48 7.79 1.94 1.68 7.67 8.52 0.98 0.53 2.16 1.73 7.70 8.18 0.98 0.52 
42 484 28.4 44 224.97 7.56 2.44 1.54 6.91 11.83 0.99 0.63 2.57 1.61 6.76 11.62 0.97 0.63 
43 542 28.4 44 234.39 7.62 2.37 1.87 7.59 9.45 0.97 0.55 2.28 2.06 7.72 9.68 0.99 0.55 
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Gas: 100%Ar  

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 250 20 16 125.15 4.47 0.89 2.52 8.75 1.95 0.88 0.18 0.95 2.41 9.57 2.33 0.96 0.20 
2 425 20 16 161.34 5.35 1.26 4.02 15.83 5.22 0.94 0.25 1.18 3.8 16.83 6.57 0.99 0.28 
3 600 20 16 197.39 6.89 0.85 3.18 19.47 4.87 0.82 0.20 0.88 4.82 17.94 5.51 0.75 0.23 
4 250 25 16 137.39 5.48 0.62 2.01 6.59 1.51 0.66 0.19 0.65 1.91 7.16 2.04 0.72 0.22 
5 425 25 16 171.23 7.87 1.53 2.63 16.55 7.22 0.98 0.30 1.26 2.64 14.74 9.38 0.87 0.39 
6 600 25 16 208.08 7.51 1.91 3.91 17.63 9.06 0.74 0.34 1.68 3.54 19.08 9.07 0.80 0.32 
7 250 30 16 168.89 5.74 1.59 2.28 8.33 2.7 0.84 0.24 1.15 2.23 9.12 3.82 0.92 0.30 
8 425 30 16 235.27 8.07 2.69 2.89 16.43 12.98 0.97 0.44 2.54 2.84 16.68 14.36 0.99 0.46 
9 600 30 16 264.90 11.62 2.51 3.14 21.84 13.99 0.92 0.39 3.25 3.18 22.1 17.34 0.93 0.44 

10 250 20 23 119.01 3.97 0.85 2.31 6.48 1.47 0.94 0.18 0.62 2.06 6.59 12.11 0.95 0.65 
11 425 20 23 161.99 5.09 0.91 2.85 9.48 4.65 0.81 0.33 0.76 2.59 9.45 4.08 0.80 0.30 
12 600 20 23 201.80 4.28 0.93 3.96 16.53 4.08 1.00 0.20 1.04 3.76 14.52 5.89 0.88 0.29 
13 250 25 23 139.67 4.21 1.26 1.97 6.32 5.81 0.91 0.48 1.31 1.81 6.18 5.25 0.89 0.46 
14 425 25 23 182.47 7.26 1.72 2.31 9.71 5.76 0.83 0.37 1.89 2.19 8.11 6.57 0.69 0.45 
15 600 25 23 209.60 6.99 2.12 2.89 15.51 5.4 0.94 0.26 1.19 3.01 15.27 6.88 0.92 0.31 
16 250 30 23 176.82 4.67 1.22 2.32 6.14 2.27 0.89 0.27 1.28 2.18 5.82 2.71 0.84 0.32 
17 425 30 23 243.68 5.96 2.08 3.27 11.34 8.5 0.97 0.43 2.09 3.11 11.38 8.24 0.97 0.42 
18 600 30 23 276.76 9.73 2.92 2.74 16.11 10.56 0.97 0.40 2.96 2.9 15.17 11.94 0.91 0.44 
19 250 20 30 123.34 3.84 0.89 2.03 4.72 1.23 0.89 0.21 0.65 1.73 4.87 2.21 0.92 0.31 
20 425 20 30 165.19 4.77 1.07 2.63 8.29 3.21 0.92 0.28 0.7 2.32 7.71 3.76 0.86 0.33 
21 600 20 30 200.90 4.41 0.93 3.12 12.52 3.23 0.98 0.21 1.04 3.2 11.07 4.78 0.87 0.30 
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22 250 25 30 137.82 4.45 0.56 1.41 5.03 1.82 0.95 0.27 0.47 1.28 4.64 4.57 0.88 0.50 
23 425 25 30 184.52 6.48 1.64 2.32 8.79 5.71 0.98 0.39 1.61 2.23 8.75 6.47 0.97 0.43 
24 600 25 30 212.04 7.11 1.44 2.45 12.55 4.25 0.99 0.25 1.28 2.41 12.02 4.85 0.95 0.29 
25 250 30 30 152.66 3.54 0.89 1.06 4.81 1.88 0.91 0.28 0.81 0.98 4.96 5.88 0.94 0.54 
26 425 30 30 241.06 4.88 1.73 1.23 7.83 2.78 0.87 0.26 1.86 1.15 8.29 3.19 0.92 0.28 
27 600 30 30 277.41 8.39 2.54 2.41 12.22 6.92 0.96 0.36 2.39 2.94 11.9 7.28 0.94 0.38 
28 308 21.6 10 148.33 6.53 1.27 3.61 18.77 10 0.96 0.35 1.13 3.44 18.14 10.74 0.93 0.37 
29 367 21.6 10 163.51 6.88 1.50 4.06 18.7 8.34 0.80 0.31 1.38 3.82 19.19 8.7 0.82 0.31 
30 308 23.4 10 144.56 8.04 1.39 3.59 19.51 9.45 1.00 0.33 1.34 3.52 18.32 8.26 0.94 0.31 
31 367 23.4 10 160.13 9.05 1.80 3.94 20.48 6.7 0.88 0.25 1.63 3.77 21.51 7.94 0.92 0.27 
32 308 21.6 13 156.25 7.21 1.58 2.72 14.93 9.4 0.99 0.39 1.46 2.86 13.41 12.55 0.89 0.48 
33 367 21.6 13 172.43 8.25 1.44 2.92 17.13 5.51 0.95 0.24 1.58 3.04 17.36 6.07 0.97 0.26 
34 308 23.4 13 149.24 7.89 1.42 2.72 14.48 11.01 0.96 0.43 1.44 2.77 14.18 11.21 0.94 0.44 
35 367 23.4 13 166.97 8.87 1.65 2.89 14.15 4.44 0.79 0.24 1.77 3.06 15.18 5.79 0.85 0.28 
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Wire Type: ER70 S-6 

Wire Diameter: Manufacturer label (1.14mm; 0.045 in), Measured (1.15mm) 

Gas: 100%CO2  

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 200 20 20 186.33 6.54 2.31 2.53 9.99 11.45 0.96 0.53 2.29 2.59 9.50 12.36 0.92 0.57 
2 390 20 20 225.80 8.55 2.21 3.37 20.13 8.59 0.99 0.30 2.49 3.58 19.74 9.42 0.98 0.32 
3 580 20 20 354.89 7.97 2.46 4.77 28.77 10.67 0.96 0.27 2.71 4.68 28.57 11.03 0.95 0.28 
4 200 25 20 168.63 7.29 1.77 2.28 10.15 10.23 0.98 0.50 1.71 2.42 10.01 9.68 0.96 0.49 
5 390 25 20 266.39 10.92 3.44 3.22 20.23 22.73 1.00 0.53 3.54 3.44 19.48 22.16 0.96 0.53 
6 580 25 20 322.84 9.62 3.91 3.72 29.54 17.08 0.98 0.37 3.92 3.94 29.09 17.25 0.97 0.37 
7 200 30 20 194.34 8.72 2.34 1.84 9.64 16.00 0.93 0.62 2.50 1.71 9.47 15.54 0.91 0.62 
8 390 30 20 279.73 12.04 3.49 2.71 20.22 25.51 1.00 0.56 3.82 2.83 20.08 23.49 0.99 0.54 
9 580 30 20 359.08 9.95 5.79 4.07 28.83 34.92 0.96 0.55 5.86 3.92 30.08 33.75 1.00 0.53 

10 200 20 25 184.55 5.72 2.14 2.28 7.73 3.61 0.93 0.32 2.25 2.53 7.91 4.90 0.95 0.38 
11 390 20 25 220.41 6.81 1.71 2.69 15.25 8.39 0.94 0.35 1.73 2.84 15.51 9.24 0.96 0.37 
12 580 20 25 374.46 7.1 2.79 3.69 23.90 9.66 0.99 0.29 2.88 4.02 23.88 9.59 0.99 0.29 
13 200 25 25 170.94 7.15 2.61 1.63 7.96 4.21 0.96 0.35 2.82 1.66 7.85 3.64 0.95 0.32 
14 390 25 25 272.49 8.93 3.73 2.89 16.06 17.78 0.99 0.53 3.64 3.02 15.82 17.32 0.98 0.52 
15 580 25 25 328.12 9.53 3.26 4.22 23.91 15.80 0.99 0.40 3.59 4.27 24.07 16.39 1.00 0.41 
16 200 30 25 192.60 7.45 2.01 1.61 7.94 16.90 0.96 0.68 1.94 1.68 7.60 18.63 0.92 0.71 
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17 390 30 25 277.48 10.7 3.47 2.45 15.62 17.92 0.96 0.53 3.47 2.53 16.17 19.36 1.00 0.54 
18 580 30 25 363.66 8.96 6.63 3.91 23.70 36.03 0.98 0.60 6.75 3.74 23.14 37.36 0.96 0.62 
19 200 20 30 183.52 4.18 1.29 1.12 6.41 6.33 0.93 0.50 1.45 1.45 6.26 6.67 0.90 0.52 
20 390 20 30 210.83 3.79 1.76 1.88 12.70 5.72 0.94 0.31 1.88 1.96 13.30 5.44 0.99 0.29 
21 580 20 30 364.93 5.02 2.7 3.15 19.25 5.87 0.96 0.23 2.73 3.02 19.66 5.95 0.98 0.23 
22 200 25 30 166.25 5.98 1.96 1.49 6.38 6.03 0.92 0.49 2.27 1.52 6.40 6.91 0.92 0.52 
23 390 25 30 261.96 6.76 2.89 2.82 13.36 14.09 0.99 0.51 2.94 2.82 13.51 15.00 1.00 0.53 
24 580 25 30 323.37 7.96 3.84 4.19 19.88 25.39 0.99 0.56 4.13 4.04 19.25 25.26 0.96 0.57 
25 200 30 30 193.66 6.76 2.06 1.53 6.39 11.40 0.92 0.64 2.02 1.87 6.65 12.66 0.96 0.66 
26 390 30 30 282.57 8.95 3.15 2.21 13.19 20.12 0.98 0.60 3.24 2.26 13.42 20.48 0.99 0.60 
27 580 30 30 375.27 7.16 6.21 3.74 18.95 37.90 0.94 0.67 6.19 3.65 20.00 38.33 1.00 0.66 
28 264 21.6 12 210.75 9.47 2.94 3.59 22.23 13.68 0.97 0.38 3.08 3.62 22.69 13.32 0.99 0.37 
29 326 21.6 12 242.05 10.03 3.22 4.04 27.71 14.68 0.98 0.35 3.35 4.18 27.41 15.80 0.97 0.37 
30 264 23.4 12 202.60 10.68 2.82 3.26 19.89 19.40 0.87 0.49 2.97 3.50 20.28 19.71 0.89 0.49 
31 326 23.4 12 235.93 10.61 4.04 3.79 26.49 23.40 0.94 0.47 4.23 3.73 27.11 22.18 0.96 0.45 
32 264 21.6 16 211.12 8.77 2.96 2.82 15.88 14.99 0.93 0.49 2.83 2.93 16.69 14.12 0.97 0.46 
33 326 21.6 16 248.94 9.42 3.85 3.21 19.05 19.58 0.90 0.51 3.70 3.21 18.59 19.40 0.88 0.51 
34 264 23.4 16 198.67 9.62 2.5 2.68 16.81 13.60 0.98 0.45 2.53 2.55 16.79 13.19 0.98 0.44 
35 326 23.4 16 234.52 9.18 3.82 3.14 19.33 19.67 0.91 0.50 3.74 3.01 18.88 19.58 0.89 0.51 
36 454 26.6 37 303.52 7.07 3.19 2.34 11.53 15.07 0.91 0.57 3.00 2.37 11.25 15.04 0.88 0.57 
37 516 26.6 37 320.89 8.26 3.97 3.74 13.04 17.92 0.90 0.58 4.12 3.96 13.61 19.31 0.94 0.59 
38 454 28.4 37 311.82 7.22 3.52 2.34 12.24 20.85 0.96 0.63 3.56 2.40 11.67 19.90 0.92 0.63 
39 516 28.4 37 324.86 8.14 5.2 2.97 14.09 21.99 0.97 0.61 5.01 3.12 14.18 21.90 0.98 0.61 
40 454 26.6 44 307.47 6.16 3.97 2.76 9.69 15.28 0.90 0.61 3.91 2.78 10.32 16.35 0.96 0.61 
41 516 26.6 44 325.25 6.2 4.19 2.72 11.07 17.18 0.91 0.61 4.35 2.57 10.71 17.87 0.88 0.63 
42 454 28.4 44 306.01 6.61 3.6 2.24 9.37 16.88 0.87 0.64 3.64 2.20 8.99 17.22 0.84 0.66 
43 516 28.4 44 319.73 6.46 4.5 2.66 11.65 16.97 0.96 0.59 4.32 2.51 11.52 17.66 0.95 0.61 
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Gas: 85%Ar -15%CO2 

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 200 20 20 189.93 6.46 1.44 2.03 9.58 9.96 0.92 0.51 1.39 2.15 9.86 10.93 0.95 0.53 
2 390 20 20 269.79 8.95 2.79 2.68 19.03 17.35 0.94 0.48 3.06 2.64 19.08 17.98 0.94 0.49 
3 580 20 20 355.72 8.59 3.11 4.55 28.23 21.88 0.94 0.44 2.96 4.66 27.82 20.15 0.92 0.42 
4 200 25 20 190.27 9.57 1.45 1.81 9.01 12.99 0.87 0.59 1.74 1.99 9.06 11.65 0.87 0.56 
5 390 25 20 279.77 12.39 3.15 2.54 19.63 22.41 0.97 0.53 3.47 2.87 19.15 23.38 0.95 0.55 
6 580 25 20 341.31 11.03 4.42 4.28 29.06 27.43 0.97 0.49 4.43 4.67 27.99 28.24 0.93 0.50 
7 200 30 20 220.19 8.19 1.64 1.78 9.38 11.94 0.90 0.56 1.97 1.73 10.04 10.87 0.97 0.52 
8 390 30 20 309.45 13.61 4.01 2.81 20.02 26.6 0.99 0.57 3.93 2.94 19.60 25.64 0.97 0.57 
9 580 30 20 401.59 12.87 5.12 3.34 28.46 28 0.95 0.50 5.37 3.26 28.05 29.54 0.93 0.51 

10 200 20 25 187.85 5.47 1.53 1.73 7.65 6.94 0.92 0.48 1.47 1.65 7.94 6.18 0.96 0.44 
11 390 20 25 270.64 8.45 2.46 2.96 15.61 13.75 0.96 0.47 2.65 3.35 15.84 14.04 0.98 0.47 
12 580 20 25 359.05 6.14 1.93 4.5 23.21 15.86 0.96 0.41 2.18 4.87 22.53 16.60 0.94 0.42 
13 200 25 25 188.33 8.88 1.41 1.64 7.59 11.57 0.91 0.60 1.32 1.80 7.83 11.31 0.94 0.59 
14 390 25 25 286.22 10.8 3.66 2.54 15.25 21.17 0.94 0.58 3.57 2.49 14.90 21.08 0.92 0.59 
15 580 25 25 342.87 9.41 4.24 4.27 23.62 23.69 0.98 0.50 4.35 4.43 23.56 25.25 0.98 0.52 
16 200 30 25 216.38 7.37 1.32 1.41 7.56 9.37 0.91 0.55 1.59 1.35 7.62 10.93 0.92 0.59 
17 390 30 25 309.05 11.42 3.86 2.71 15.22 24.49 0.94 0.62 3.93 2.90 16.24 26.27 1.00 0.62 
18 580 30 25 394.90 10.33 5.14 3.12 23.6 30.56 0.98 0.56 5.32 3.25 24.55 29.60 1.02 0.55 
19 200 20 30 190.90 5.94 1.26 1.64 6.24 7 0.90 0.53 1.46 1.75 6.13 8.80 0.89 0.59 
20 390 20 30 254.51 8.12 1.05 2.38 12.95 11.59 0.96 0.47 1.23 2.47 12.68 10.67 0.94 0.46 
21 580 20 30 351.22 5.58 1.36 3.47 19.13 7.84 0.95 0.29 1.35 3.36 19.57 7.99 0.98 0.29 
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22 200 25 30 190.42 8.31 1.32 1.2 6.59 6.43 0.95 0.49 1.48 1.23 6.10 5.05 0.88 0.45 
23 390 25 30 279.94 10.19 3.24 2.06 12.92 18.69 0.96 0.59 3.15 2.09 12.63 18.50 0.94 0.59 
24 580 25 30 353.25 7.38 5.41 3.8 19.3 24.01 0.96 0.55 5.38 4.18 19.15 24.96 0.95 0.57 
25 200 30 30 216.44 7.6 1.36 1.71 6.42 14.91 0.93 0.70 1.50 1.63 6.45 14.86 0.93 0.70 
26 390 30 30 311.38 11.06 2.7 2.33 13.36 18.42 0.99 0.58 2.59 2.33 13.12 17.06 0.97 0.57 
27 580 30 30 398.68 9.49 5.21 2.92 18.67 32.37 0.93 0.63 5.13 2.98 19.36 33.11 0.96 0.63 
28 264 21.6 12 222.82 11.26 2.33 2.84 20.85 11.84 0.91 0.36 2.41 2.88 21.09 12.77 0.92 0.38 
29 326 21.6 12 255.38 12.64 3.14 3.49 28.17 17.22 1.00 0.38 3.24 3.46 27.58 17.70 0.98 0.39 
30 264 23.4 12 217.98 12.69 3.57 3.14 22.57 18.54 0.99 0.45 3.59 3.16 22.46 19.19 0.98 0.46 
31 326 23.4 12 251.83 14.14 3.72 3.11 27.82 22.06 0.99 0.44 3.63 3.05 27.76 22.60 0.98 0.45 
32 264 21.6 16 220.49 11.31 2.24 2.24 17.04 12.36 0.99 0.42 2.43 2.07 16.88 12.04 0.99 0.42 
33 326 21.6 16 253.46 11.43 3.26 2.84 20.24 17.65 0.96 0.47 3.41 2.74 19.61 16.92 0.93 0.46 
34 264 23.4 16 215.22 10.86 2.79 2.26 16.36 12.25 0.96 0.43 2.81 2.11 17.00 13.38 0.99 0.44 
35 326 23.4 16 252.87 11.77 3.89 2.57 18.96 20.63 0.90 0.52 3.75 2.56 19.15 21.53 0.91 0.53 
36 454 26.6 37 320.23 8.39 3.82 2.69 12.63 17.05 0.99 0.57 3.77 2.62 11.70 17.09 0.92 0.59 
37 516 26.6 37 347.17 8.93 4.87 3.27 13.95 19.74 0.96 0.59 5.01 3.14 13.77 20.09 0.95 0.59 
38 454 28.4 37 332.66 8.17 3.69 2.42 12.51 17.49 0.98 0.58 3.55 2.46 12.68 18.50 1.00 0.59 
39 516 28.4 37 364.73 8.98 4.77 2.82 13.33 20.8 0.92 0.61 4.62 2.97 13.04 21.45 0.90 0.62 
40 454 26.6 44 329.9 7.49 3.92 2.21 9.06 14.59 0.85 0.62 3.74 2.19 9.85 13.15 0.92 0.57 
41 516 26.6 44 346.12 7.89 4.28 2.52 11.18 18.7 0.92 0.63 4.42 2.70 11.49 19.31 0.94 0.63 
42 454 28.4 44 325.24 7.13 3.51 2.24 9.52 14.97 0.89 0.61 3.40 2.27 9.97 15.83 0.93 0.61 
43 516 28.4 44 349.88 7.54 4.27 2.59 9.03 15.9 0.74 0.64 4.31 2.45 10.02 14.84 0.82 0.60 
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Gas: 100%Ar  

 

 

 
WFS 
(ipm) 

 
Voltage 

(V) 

 
TS 

(ipm) 

 
Current 

(I) 

 
Width 
(mm) 

Cross Section 1 Cross Section 2 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

Depth 
(mm) 

Rein-
forcement 

ht (mm) 

Rein-
forcement 

area 
(mm2) 

Penetrated 
area 

(mm2) 

Depo-
sition. 

Eff. 

Dilution 
ratio 

1 200 20 20 184.09 7.16 0.83 2.26 10.15 7.23 0.98 0.42 0.97 2.46 9.50 7.01 0.92 0.42 
2 390 20 20 247.97 8.37 0.89 3.27 20.01 7.01 0.99 0.26 1.06 3.31 17.71 8.43 0.87 0.32 
3 580 20 20 365.13 9.34 4.02 4.78 26.67 18.95 0.89 0.42 3.87 4.86 25.78 19.81 0.86 0.43 
4 200 25 20 193.47 8.31 1.18 1.91 9.63 9.79 0.93 0.50 1.23 2.08 10.01 7.94 0.96 0.44 
5 390 25 20 256.36 9.27 2.36 3.05 17.63 11.54 0.87 0.40 2.65 3.06 18.36 11.21 0.91 0.38 
6 580 25 20 353.57 11.32 2.85 4.37 26.45 19.53 0.88 0.42 3.17 4.48 28.69 21.14 0.95 0.42 
7 200 30 20 238.12 7.02 0.56 2.46 8.88 4.24 0.86 0.32 0.45 2.64 9.02 3.03 0.87 0.25 
8 390 30 20 329.67 14.11 3.99 2.97 18.63 23.29 0.92 0.56 4.12 3.01 18.86 24.69 0.93 0.57 
9 580 30 20 381.50 15.68 4.17 2.64 28.82 33.13 0.96 0.53 4.14 2.62 27.95 32.92 0.93 0.54 

10 200 20 25 176.43 5.61 0.57 2.08 7.11 2.70 0.86 0.28 0.68 2.06 7.88 2.26 0.95 0.22 
11 390 20 25 249.56 7.94 1.32 2.79 14.96 6.66 0.92 0.31 1.21 2.97 14.54 5.75 0.90 0.28 
12 580 20 25 378.31 7.9 3.89 4.22 22.43 20.18 0.93 0.47 3.76 4.34 23.21 18.60 0.96 0.44 
13 200 25 25 200.37 7.39 1.65 1.81 7.82 6.40 0.94 0.45 1.51 1.85 7.19 4.52 0.87 0.39 
14 390 25 25 267.48 9.71 2.01 2.41 15.85 9.93 0.98 0.39 1.87 2.45 14.82 8.23 0.91 0.36 
15 580 25 25 358.70 9.46 4.41 4.27 23.22 25.35 0.96 0.52 4.33 4.33 20.61 27.04 0.86 0.57 
16 200 30 25 209.51 3.76 0.96 2.51 7.60 4.81 0.92 0.39 1.08 2.71 7.72 3.76 0.93 0.33 
17 390 30 25 323.60 7.61 3.19 2.76 14.17 13.79 0.87 0.49 3.32 2.90 14.76 12.28 0.91 0.45 
18 580 30 25 422.39 13.11 5.51 3.39 20.62 25.25 0.86 0.55 5.46 3.54 23.20 24.95 0.96 0.52 
19 200 20 30 183.73 6.11 0.66 1.96 6.67 3.66 0.96 0.35 0.90 2.17 6.62 2.81 0.96 0.30 
20 390 20 30 257.05 7.65 1.16 1.94 12.24 4.18 0.91 0.25 1.20 1.93 12.79 5.80 0.95 0.31 
21 580 20 30 375.14 8.07 3.91 3.79 19.13 13.38 0.95 0.41 4.13 3.74 19.40 14.72 0.97 0.43 
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22 200 25 30 205.72 7.26 1.35 2.03 6.01 9.11 0.87 0.60 1.34 2.23 6.41 8.04 0.93 0.56 
23 390 25 30 268.11 7.74 1.76 2.29 12.57 11.38 0.93 0.48 2.05 2.43 12.93 9.61 0.96 0.43 
24 580 25 30 365.29 8.93 3.96 4.15 18.64 26.29 0.93 0.59 4.13 4.30 18.95 27.20 0.94 0.59 
25 200 30 30 265.84 4.57 1.44 1.66 6.57 8.16 0.95 0.55 1.75 1.86 6.42 8.91 0.93 0.58 
26 390 30 30 314.63 8.31 3.02 2.82 12.12 15.75 0.90 0.57 2.99 2.93 12.66 15.86 0.94 0.56 
27 580 30 30 426.40 13.05 5.93 2.47 19.34 28.15 0.96 0.59 6.01 2.46 18.30 28.05 0.91 0.61 
28 264 21.6 12 201.58 7.27 1.21 3.62 22.38 7.04 0.98 0.24 1.11 3.70 21.84 7.18 0.96 0.25 
29 326 21.6 12 226.89 8.32 1.51 3.89 27.1 8.09 0.96 0.23 1.55 3.98 26.70 9.37 0.95 0.26 
30 264 23.4 12 191.07 8.95 1.59 3.07 22.76 9.31 1.00 0.29 1.50 3.21 22.13 8.97 0.97 0.29 
31 326 23.4 12 218.26 9.28 1.73 3.79 27.53 11.02 0.98 0.29 1.60 3.96 27.94 10.34 0.99 0.27 
32 264 21.6 16 202.70 9.03 1.35 2.56 16.77 9.07 0.98 0.35 1.52 2.44 16.55 8.48 0.97 0.34 
33 326 21.6 16 234.58 9.72 1.83 3.12 20.04 10.11 0.95 0.34 2.08 3.25 20.02 8.69 0.95 0.30 
34 264 23.4 16 186.51 9.38 1.31 2.31 16.85 7.08 0.98 0.30 1.46 2.36 17.01 7.00 0.99 0.29 
35 326 23.4 16 221.92 11.19 2.14 3.12 20.78 12.32 0.98 0.37 2.13 3.30 20.61 11.87 0.97 0.37 

 

 

 

 

 

 

 

 



 
 

111 
 

Appendix B: Weld Bead Profile (Macro-Image) 
 

Wire Type: ER70 S-6                
Wire Diameter: Manufacturer label (0.9mm; 0.035 in), Measured (0.9mm) 

 
a) 100% Argon Gas 

 

 (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)  (32)  (33)  (34)  (35) 
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b) 85% Argon-15%CO2 Gas 
 

 (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)  (32)   (33)  (34)  (35)  

  (36)  (37)   (38)  (39)  (40) 
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 (41)  (42)  (43) 

  

 
c) 100% CO2 Gas 

 

 (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)  (32)  (33)   (34)  (35) 
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 (36)  (37)  (38)  (39)  (40) 

 (41)  (42)  (43) 
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Wire Type: ER70 S-6                
Wire Diameter: Manufacturer label (0.045 in), Measured (1.15mm) 
 

a) 100% Argon Gas 
 

 (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)  (32)  (33)  (34)  (35) 
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b) 85% Argon-15% CO2 Gas 
 

 (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)  (32)   (33)  (34)  (35)  

  (36)  (37)   (38)  (39)  (40) 
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 (41)  (42)  (43) 

  

 
c) 100% CO2 Gas 

 

 (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)  (32)  (33)   (34)  (35) 
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 (36)  (37)   (38)  (39)  (40) 

 (41)   (42)  (43) 
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Appendix C: Statistical Analysis- ANNOVA & Regression 
Coefficient Table ER70S-6 wire (0.045 in) 

Wire – ER 70 S 6 (0.045 in)   
Gas Type: 100% Argon 

Regression Analysis: Current 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 194560 38912.0 244.73 0.000 

  WFS 1 459 458.5 2.88 0.100 

  V 1 2587 2586.7 16.27 0.000 

  TS 1 815 815.3 5.13 0.031 

  WFS^2 1 1060 1059.7 6.67 0.015 

  V^2 1 3342 3342.2 21.02 0.000 

Error 29 4611 159.0       

Total 34 199171          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

12.6095 97.68% 97.29% 96.48% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 548 124 4.41 0.000    

WFS 0.183 0.108 1.70 0.100 52.19 

V -39.75 9.85 -4.03 0.000 302.33 

TS 0.908 0.401 2.26 0.031 1.24 

WFS^2 0.000352 0.000137 2.58 0.015 53.19 

V^2 0.901 0.197 4.58 0.000 304.65 

Regression Equation 
Current = 548 + 0.183*WFS - 39.75*V + 0.908*TS + 0.000352*WFS^2 + 0.901*V^2 
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Regression Analysis: Bead Width 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 164.645 32.9291 22.22 0.000 

  WFS 1 19.213 19.2129 12.97 0.001 

  V 1 0.863 0.8632 0.58 0.451 

  TS 1 5.003 5.0034 3.38 0.076 

  WFS*V 1 35.107 35.1074 23.69 0.000 

  V*TS 1 8.622 8.6220 5.82 0.022 

Error 29 42.973 1.4818       

Total 34 207.619          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

1.21731 79.30% 75.73% 69.74% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 3.16 7.73 0.41 0.685    

WFS -0.03332 0.00925 -3.60 0.001 41.21 

V 0.251 0.329 0.76 0.451 36.11 

TS 0.534 0.290 1.84 0.076 69.92 

WFS*V 0.001785 0.000367 4.87 0.000 49.86 

V*TS -0.0295 0.0122 -2.41 0.022 119.24 

Regression Equation 
Bead Width = 3.16 - 0.03332*WFS + 0.251*V + 0.534*TS + 0.001785*WFS*V - 0.0295*V*TS 
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Regression Analysis: Bead Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 125.577 20.9296 74.14 0.000 

  WFS 1 2.017 2.0169 7.14 0.010 

  V 1 0.019 0.0189 0.07 0.797 

  TS 1 1.432 1.4321 5.07 0.028 

  WFS^2 1 2.079 2.0785 7.36 0.009 

  WFS*V 1 1.785 1.7850 6.32 0.014 

  WFS*TS 1 1.572 1.5722 5.57 0.021 

Error 63 17.786 0.2823       

Total 69 143.363          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.531329 87.59% 86.41% 83.98% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 2.40 1.51 1.59 0.117    

WFS -0.01320 0.00494 -2.67 0.010 123.20 

V 0.0122 0.0470 0.26 0.797 7.76 

TS -0.0802 0.0356 -2.25 0.028 11.03 

WFS^2 0.000011 0.000004 2.71 0.009 53.14 

WFS*V 0.000285 0.000113 2.51 0.014 49.85 

WFS*TS 0.000236 0.000100 2.36 0.021 48.61 

Regression Equation 
Bead Depth = 2.40 - 0.01320*WFS + 0.0122*V - 0.0802*TS + 0.000011*WFS^2 + 0.000285*WFS*V 

+ 0.000236*WFS*TS 
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Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 37.5116 6.25193 40.83 0.000 

  WFS 1 1.6890 1.68903 11.03 0.001 

  V 1 0.0656 0.06562 0.43 0.515 

  TS 1 1.9364 1.93639 12.65 0.001 

  WFS^2 1 0.5715 0.57149 3.73 0.058 

  WFS*V 1 3.9405 3.94048 25.73 0.000 

  V*TS 1 0.9878 0.98779 6.45 0.014 

Error 63 9.6472 0.15313       

Total 69 47.1587          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.391318 79.54% 77.59% 73.57% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 4.61 1.86 2.48 0.016    

WFS 0.01051 0.00316 3.32 0.001 93.23 

V -0.0491 0.0750 -0.65 0.515 36.41 

TS -0.2364 0.0665 -3.56 0.001 70.95 

WFS^2 0.000006 0.000003 1.93 0.058 53.46 

WFS*V -0.000423 0.000083 -5.07 0.000 49.87 

V*TS 0.00709 0.00279 2.54 0.014 120.18 

Regression Equation 
Reinforcement Height = 4.61 + 0.01051*WFS - 0.0491*V - 0.2364*TS + 0.000006*WFS^2 - 0.000423*WFS*V 

+ 0.00709*V*TS 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 3104.35 620.870 1136.15 0.000 

  WFS 1 229.33 229.334 419.67 0.000 

  V 1 0.01 0.010 0.02 0.891 

  TS 1 215.46 215.461 394.28 0.000 

  TS^2 1 144.27 144.266 264.00 0.000 

  WFS*TS 1 54.25 54.253 99.28 0.000 

Error 64 34.97 0.546       

Total 69 3139.32          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.739234 98.89% 98.80% 98.65% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 28.94 1.46 19.80 0.000    

WFS 0.07676 0.00375 20.49 0.000 36.65 

V -0.0033 0.0243 -0.14 0.891 1.07 

TS -2.366 0.119 -19.86 0.000 63.85 

TS^2 0.04704 0.00289 16.25 0.000 72.31 

WFS*TS -0.001485 0.000149 -9.96 0.000 55.68 

Regression Equation 
Reinforcement 
Area 

= 28.94 + 0.07676*WFS - 0.0033*V - 2.366*TS + 0.04704*TS^2 -
 0.001485*WFS*TS 
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Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 3050.30 508.383 359.77 0.000 

  WFS 1 25.10 25.103 17.76 0.000 

  V 1 0.05 0.055 0.04 0.845 

  TS 1 209.43 209.428 148.21 0.000 

  WFS^2 1 0.12 0.122 0.09 0.770 

  TS^2 1 95.56 95.560 67.63 0.000 

  WFS*V 1 0.08 0.081 0.06 0.812 

Error 63 89.02 1.413       

Total 69 3139.32          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

1.18873 97.16% 96.89% 96.38% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 36.32 3.46 10.50 0.000    

WFS 0.04058 0.00963 4.21 0.000 93.55 

V -0.021 0.106 -0.20 0.845 7.82 

TS -2.389 0.196 -12.17 0.000 66.95 

WFS^2 -0.000003 0.000009 -0.29 0.770 54.56 

TS^2 0.03629 0.00441 8.22 0.000 64.97 

WFS*V 0.000061 0.000253 0.24 0.812 49.97 

Regression Equation 
Penetration Area = 36.32 + 0.04058*WFS - 0.021 V - 2.389*TS - 0.000003*WFS^2 + 0.03629*TS^2 

+ 0.000061*WFS*V 
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Wire – ER 70 S 6 (0.045 in)  

Gas Type:  85% Argon -15% Carbon di-Oxide 

Regression Analysis: Current 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 181105 25872.1 520.42 0.000 

  WFS 1 1591 1591.3 32.01 0.000 

  V 1 1332 1332.4 26.80 0.000 

  TS 1 219 219.4 4.41 0.043 

  WFS^2 1 184 184.2 3.71 0.062 

  V^2 1 1588 1588.1 31.94 0.000 

  TS^2 1 230 230.3 4.63 0.038 

  WFS*V 1 201 201.1 4.04 0.052 

Error 35 1740 49.7       

Total 42 182845          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

7.05082 99.05% 98.86% 98.54% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 429.9 72.5 5.93 0.000    

WFS 0.4486 0.0793 5.66 0.000 102.37 

V -28.16 5.44 -5.18 0.000 335.02 

TS -1.599 0.761 -2.10 0.043 40.12 

WFS^2 -0.000144 0.000075 -1.92 0.062 56.49 

V^2 0.606 0.107 5.65 0.000 326.98 

TS^2 0.0290 0.0135 2.15 0.038 40.36 

WFS*V 0.00423 0.00211 2.01 0.052 60.39 

Regression Equation 
Current  = 429.9 + 0.4486*WFS - 28.16*V - 1.599*TS - 0.000144*WFS^2 + 0.606*V^2 

+ 0.0290*TS^2 + 0.00423*WFS*V 
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Regression Analysis: Bead Width 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 8 198.810 24.8512 69.51 0.000 

  WFS 1 14.772 14.7720 41.32 0.000 

  V 1 9.517 9.5171 26.62 0.000 

  TS 1 5.395 5.3949 15.09 0.000 

  WFS^2 1 32.589 32.5891 91.16 0.000 

  V^2 1 9.339 9.3391 26.12 0.000 

  TS^2 1 3.326 3.3262 9.30 0.004 

  WFS*V 1 4.565 4.5645 12.77 0.001 

  WFS*TS 1 4.381 4.3813 12.26 0.001 

Error 34 12.155 0.3575       

Total 42 210.965          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.597917 94.24% 92.88% 90.80% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -26.35 6.26 -4.21 0.000    

WFS 0.04829 0.00751 6.43 0.000 127.82 

V 2.385 0.462 5.16 0.000 336.42 

TS -0.2546 0.0655 -3.88 0.000 41.32 

WFS^2 -0.000061 0.000006 -9.55 0.000 56.55 

V^2 -0.04664 0.00912 -5.11 0.000 328.95 

TS^2 0.00452 0.00148 3.05 0.004 67.81 

WFS*V 0.000640 0.000179 3.57 0.001 60.75 

WFS*TS -0.000540 0.000154 -3.50 0.001 102.01 

Regression Equation 
Bead Width = -26.35 + 0.04829*WFS + 2.385*V- 0.2546*TS - 0.000061*WFS^2 - 0.04664*V^2 

+ 0.00452*TS^2 + 0.000640*WFS*V - 0.000540*WFS*TS 
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Regression Analysis: Bead Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 123.978 17.7112 79.85 0.000 

  WFS 1 1.728 1.7284 7.79 0.007 

  V 1 5.214 5.2137 23.51 0.000 

  TS 1 3.085 3.0846 13.91 0.000 

  WFS^2 1 2.249 2.2489 10.14 0.002 

  V^2 1 7.089 7.0894 31.96 0.000 

  WFS*V 1 17.448 17.4479 78.66 0.000 

  WFS*TS 1 1.383 1.3830 6.24 0.015 

Error 78 17.301 0.2218       

Total 85 141.280          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.470968 87.75% 86.65% 85.35% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -11.01 3.42 -3.22 0.002    

WFS -0.01145 0.00410 -2.79 0.007 122.91 

V 1.228 0.253 4.85 0.000 325.71 

TS -0.1047 0.0281 -3.73 0.000 24.44 

WFS^2 -0.000011 0.000003 -3.18 0.002 52.45 

V^2 -0.02819 0.00499 -5.65 0.000 316.68 

WFS*V 0.000882 0.000099 8.87 0.000 60.40 

WFS*TS 0.000165 0.000066 2.50 0.015 60.71 

Regression Equation 
Bead Depth = -11.01 - 0.01145*WFS + 1.228*V - 0.1047*TS - 0.000011*WFS^2 - 0.02819*V^2 

+ 0.000882*WFS*V + 0.000165*WFS*TS 
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Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 53.5919 10.7184 122.84 0.000 

  WFS 1 4.8477 4.8477 55.56 0.000 

  V 1 0.0772 0.0772 0.88 0.350 

  TS 1 0.8296 0.8296 9.51 0.003 

  WFS*V 1 1.2336 1.2336 14.14 0.000 

  V*TS 1 0.3447 0.3447 3.95 0.050 

Error 80 6.9804 0.0873       

Total 85 60.5723          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.295390 88.48% 87.76% 86.70% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 2.53 1.02 2.46 0.016    

WFS 0.01177 0.00158 7.45 0.000 46.24 

V -0.0386 0.0410 -0.94 0.350 21.69 

TS -0.1168 0.0379 -3.08 0.003 113.11 

WFS*V -0.000235 0.000062 -3.76 0.000 60.43 

V*TS 0.00292 0.00147 1.99 0.050 163.24 

Regression Equation 
Reinforcement 
Height 

= 2.53 + 0.01177*WFS - 0.0386*V - 0.1168*TS - 0.000235*WFS*V 
+ 0.00292*V*TS 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 3710.47 618.412 656.88 0.000 

  WFS 1 142.11 142.110 150.95 0.000 

  V 1 0.15 0.153 0.16 0.688 

  TS 1 312.00 311.999 331.41 0.000 

  WFS^2 1 2.59 2.591 2.75 0.101 

  TS^2 1 165.88 165.877 176.19 0.000 

  WFS*TS 1 65.49 65.488 69.56 0.000 

Error 79 74.37 0.941       

Total 85 3784.84          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.970279 98.03% 97.89% 97.66% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 15.76 1.90 8.29 0.000    

WFS 0.08757 0.00713 12.29 0.000 87.37 

V 0.0126 0.0313 0.40 0.688 1.17 

TS -1.2825 0.0704 -18.20 0.000 36.27 

WFS^2 -0.000012 0.000007 -1.66 0.101 56.31 

TS^2 0.02207 0.00166 13.27 0.000 64.91 

WFS*TS -0.001467 0.000176 -8.34 0.000 100.81 

Regression Equation 
Reinforcement 
Area 

= 15.76 + 0.08757*WFS + 0.0126*V - 1.2825*TS - 0.000012*WFS^2 
+ 0.02207*TS^2 - 0.001467 WFS*TS 

 

 

 

 

 



130 
 

Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 2854.62 407.803 40.03 0.000 

  WFS 1 11.72 11.717 1.15 0.287 

  V 1 95.90 95.905 9.41 0.003 

  TS 1 3.37 3.368 0.33 0.567 

  WFS^2 1 31.05 31.054 3.05 0.085 

  V^2 1 112.00 111.998 10.99 0.001 

  TS^2 1 52.67 52.674 5.17 0.026 

  WFS*V 1 291.19 291.186 28.59 0.000 

Error 78 794.55 10.187       

Total 85 3649.17          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

3.19163 78.23% 76.27% 73.58% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -57.4 23.2 -2.47 0.016    

WFS -0.0272 0.0254 -1.07 0.287 102.37 

V 5.34 1.74 3.07 0.003 335.02 

TS 0.140 0.244 0.57 0.567 40.12 

WFS^2 -0.000042 0.000024 -1.75 0.085 56.49 

V^2 -0.1139 0.0343 -3.32 0.001 326.98 

TS^2 -0.00981 0.00431 -2.27 0.026 40.36 

WFS*V 0.003603 0.000674 5.35 0.000 60.39 

Regression Equation 
Penetration Area = -57.4 - 0.0272*WFS + 5.34*V + 0.140*TS - 0.000042*WFS^2 - 0.1139*V^2 

- 0.00981*TS^2 + 0.003603*WFS*V 
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Wire – ER 70 S 6 (0.045 in)   

Gas Type: 100% Carbon di-Oxide 

Regression Analysis: Current 

Analysis of Variance 

Source DF Adj SS Adj MS F-Value P-Value 

Regression 3 167838 55946 205.91 0.000 

  WFS 1 135661 135661 499.31 0.000 

  Voltage 1 2228 2228 8.20 0.007 

  TS 1 7 7 0.03 0.872 

Error 39 10596 272       

Total 42 178434          

Model Summary 

S R-sq R-sq(adj) R-sq(pred) 

16.4833 94.06% 93.60% 92.71% 

Coefficients 

Term Coef SE Coef T-Value P-Value VIF 

Constant 40.0 18.0 2.22 0.032    

WFS 0.4432 0.0198 22.35 0.000 1.17 

Voltage 2.153 0.752 2.86 0.007 1.17 

TS -0.052 0.324 -0.16 0.872 1.33 

Regression Equation 

Current Avg = 40.0 + 0.4432 WFS + 2.153 Voltage - 0.052 TS 
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Regression Analysis: Bead Width 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 125.197 25.039 49.41 0.000 

  WFS 1 16.176 16.176 31.92 0.000 

  V 1 6.593 6.593 13.01 0.001 

  TS 1 101.119 101.119 199.52 0.000 

  WFS^2 1 12.524 12.524 24.71 0.000 

  V^2 1 4.730 4.730 9.33 0.004 

Error 37 18.752 0.507       

Total 42 143.950          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.711913 86.97% 85.21% 82.13% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -19.65 6.23 -3.16 0.003    

WFS 0.03187 0.00564 5.65 0.000 50.84 

V 1.857 0.515 3.61 0.001 294.34 

TS -0.1982 0.0140 -14.13 0.000 1.34 

WFS^2 -0.000035 0.000007 -4.97 0.000 50.44 

V^2 -0.0314 0.0103 -3.05 0.004 293.57 

Regression Equation 
Width = -19.65 + 0.03187*WFS + 1.857*V - 0.1982*TS - 0.000035*WFS^2 - 0.0314*V^2 
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Regression Analysis: Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 101.806 16.9676 58.60 0.000 

  WFS 1 9.820 9.8204 33.92 0.000 

  V 1 4.344 4.3441 15.00 0.000 

  TS 1 6.748 6.7485 23.31 0.000 

  WFS^2 1 1.479 1.4786 5.11 0.027 

  TS^2 1 4.480 4.4802 15.47 0.000 

  WFS*V 1 19.305 19.3049 66.67 0.000 

Error 79 22.875 0.2896       

Total 85 124.681          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.538105 81.65% 80.26% 78.70% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 9.77 1.38 7.10 0.000    

WFS -0.02489 0.00427 -5.82 0.000 102.17 

V -0.1841 0.0475 -3.87 0.000 8.78 

TS -0.1891 0.0392 -4.83 0.000 36.47 

WFS^2 0.000009 0.000004 2.26 0.027 56.27 

TS^2 0.002714 0.000690 3.93 0.000 36.34 

WFS*V 0.000928 0.000114 8.17 0.000 60.39 

Regression Equation 
Depth = 9.77 - 0.02489*WFS - 0.1841*V - 0.1891*TS + 0.000009*WFS^2 + 0.002714*TS^2 

+ 0.000928*WFS*V 

 

 

 

 

 



134 
 

Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 58.3778 8.33968 54.01 0.000 

  WFS 1 1.3845 1.38445 8.97 0.004 

  V 1 0.0234 0.02335 0.15 0.698 

  TS 1 5.3988 5.39885 34.97 0.000 

  WFS^2 1 2.5167 2.51674 16.30 0.000 

  V^2 1 0.7367 0.73671 4.77 0.032 

  WFS*V 1 1.2493 1.24925 8.09 0.006 

  V*TS 1 3.5571 3.55706 23.04 0.000 

Error 78 12.0430 0.15440       

Total 85 70.4208          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.392934 82.90% 81.36% 79.05% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 7.36 3.10 2.38 0.020    

WFS -0.00931 0.00311 -2.99 0.004 101.40 

V 0.086 0.220 0.39 0.698 353.57 

TS -0.3151 0.0533 -5.91 0.000 126.50 

WFS^2 0.000012 0.000003 4.04 0.000 54.59 

V^2 -0.00888 0.00407 -2.18 0.032 302.42 

WFS*V 0.000236 0.000083 2.84 0.006 60.49 

V*TS 0.00995 0.00207 4.80 0.000 183.78 

Regression Equation 
Reinforcement 
Height 

= 7.36 - 0.00931*WFS + 0.086*V - 0.3151*TS + 0.000012*WFS^2 -
 0.00888*V^2 
+ 0.000236*WFS*V + 0.00995*V*TS 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 3790.18 758.035 1000.28 0.000 

  WFS 1 312.36 312.360 412.18 0.000 

  V 1 0.19 0.192 0.25 0.616 

  TS 1 313.27 313.270 413.38 0.000 

  TS^2 1 169.62 169.624 223.83 0.000 

  WFS*TS 1 72.46 72.461 95.62 0.000 

Error 80 60.63 0.758       

Total 85 3850.80          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.870530 98.43% 98.33% 98.16% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 15.61 1.29 12.09 0.000    

WFS 0.08151 0.00401 20.30 0.000 34.44 

V 0.0141 0.0281 0.50 0.616 1.17 

TS -1.2080 0.0594 -20.33 0.000 32.05 

TS^2 0.02137 0.00143 14.96 0.000 59.48 

WFS*TS -0.001543 0.000158 -9.78 0.000 100.74 

Regression Equation 
Reinforcement 
Area 

= 15.61 + 0.08151*WFS + 0.0141*V - 1.2080*TS + 0.02137*TS^2 -
 0.001543*WFS*TS 
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Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 4456.65 891.331 47.65 0.000 

  WFS 1 478.87 478.873 25.60 0.000 

  V 1 2.48 2.477 0.13 0.717 

  TS 1 373.25 373.247 19.95 0.000 

  WFS*V 1 464.26 464.258 24.82 0.000 

  WFS*TS 1 149.63 149.632 8.00 0.006 

Error 80 1496.51 18.706       

Total 85 5953.17          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

4.32509 74.86% 73.29% 69.63% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 35.5 10.1 3.52 0.001    

WFS -0.1256 0.0248 -5.06 0.000 53.34 

V -0.139 0.382 -0.36 0.717 8.77 

TS -1.092 0.244 -4.47 0.000 21.97 

WFS*V 0.004547 0.000913 4.98 0.000 60.33 

WFS*TS 0.001616 0.000571 2.83 0.006 53.51 

Regression Equation 
Penetration Area = 35.5 - 0.1256*WFS - 0.139*V - 1.092*TS + 0.004547*WFS*V + 0.001616*WFS*TS 
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Wire – ER 70 S 6 (0.035 in)   
Gas Type: 100% Argon 

Regression Analysis: Current 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 60747.1 8678.16 136.66 0.000 

  WFS 1 255.5 255.53 4.02 0.055 

  V 1 1764.2 1764.17 27.78 0.000 

  TS 1 273.3 273.31 4.30 0.048 

  W^2 1 761.3 761.30 11.99 0.002 

  V^2 1 2110.3 2110.30 33.23 0.000 

  W*V 1 781.2 781.20 12.30 0.002 

  W*TS 1 245.5 245.54 3.87 0.060 

Error 27 1714.5 63.50       

Total 34 62461.6          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

7.96867 97.26% 96.54% 95.28% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 438.3 85.5 5.12 0.000    

WFS 0.232 0.116 2.01 0.055 128.05 

V -33.30 6.32 -5.27 0.000 311.17 

TS -1.457 0.702 -2.07 0.048 13.33 

W^2 -0.000350 0.000101 -3.46 0.002 72.78 

V^2 0.714 0.124 5.76 0.000 302.80 

W*V 0.00912 0.00260 3.51 0.002 52.84 

W*TS 0.00337 0.00172 1.97 0.060 31.81 

Regression Equation 
Current = 438.3 + 0.232*WFS - 33.30*V - 1.457*TS - 0.000350*W^2 + 0.714*V^2 

+ 0.00912*W*V + 0.00337*W*TS 
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Regression Analysis: Bead Width 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 109.136 15.5909 24.58 0.000 

  WFS 1 6.991 6.9906 11.02 0.003 

  V 1 2.766 2.7662 4.36 0.046 

  TS 1 1.399 1.3994 2.21 0.149 

  V^2 1 3.211 3.2106 5.06 0.033 

  TS^2 1 3.573 3.5735 5.63 0.025 

  W*V 1 13.508 13.5080 21.30 0.000 

  V*TS 1 1.952 1.9524 3.08 0.091 

Error 27 17.123 0.6342       

Total 34 126.260          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.796360 86.44% 82.92% 78.81% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -5.69 8.99 -0.63 0.532    

WFS -0.02185 0.00658 -3.32 0.003 41.36 

V 1.359 0.651 2.09 0.046 330.73 

TS -0.274 0.185 -1.49 0.149 92.17 

V^2 -0.0282 0.0125 -2.25 0.033 310.25 

TS^2 0.00890 0.00375 2.37 0.025 66.86 

W*V 0.001203 0.000261 4.62 0.000 53.12 

V*TS -0.01092 0.00622 -1.75 0.091 87.41 

Regression Equation 
Bead Width = -5.69 - 0.02185*WFS + 1.359*Voltage - 0.274*TS - 0.0282*V^2 + 0.00890*TS^2 

+ 0.001203*W*V - 0.01092*V*TS 
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Regression Analysis: Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 18.2739 3.04565 24.57 0.000 

  WFS 1 4.8595 4.85955 39.21 0.000 

  V 1 6.3955 6.39553 51.60 0.000 

  TS 1 2.8322 2.83217 22.85 0.000 

  W^2 1 0.0010 0.00101 0.01 0.928 

  W*V 1 0.0005 0.00050 0.00 0.950 

  V*TS 1 0.3520 0.35195 2.84 0.097 

Error 63 7.8087 0.12395       

Total 69 26.0826          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.352062 70.06% 67.21% 61.61% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -1.385 0.313 -4.42 0.000    

WFS 0.002212 0.000353 6.26 0.000 1.22 

V 0.1108 0.0154 7.18 0.000 1.90 

TS -0.03049 0.00638 -4.78 0.000 1.13 

W^2 0.000000 0.000001 0.09 0.928 10.08 

W*V 0.000002 0.000037 0.06 0.950 11.77 

V*TS -0.000336 0.000199 -1.69 0.097 1.53 

Regression Equation 
Depth = -1.385 + 0.002212*WFS + 0.1108*V - 0.03049*TS + 0.000000*W^2 + 0.000002*W*V 

- 0.000336*V*TS 
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Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 4 33.8012 8.4503 56.86 0.000 

  WFS 1 15.3476 15.3476 103.27 0.000 

  V 1 1.6756 1.6756 11.27 0.001 

  TS 1 17.8034 17.8034 119.79 0.000 

  V^2 1 0.0205 0.0205 0.14 0.711 

Error 65 9.6601 0.1486       

Total 69 43.4613          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.385509 77.77% 76.41% 74.19% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 4.204 0.332 12.64 0.000    

WFS 0.003635 0.000358 10.16 0.000 1.04 

V -0.0547 0.0163 -3.36 0.001 1.77 

TS -0.07479 0.00683 -10.95 0.000 1.08 

V^2 -0.000118 0.000316 -0.37 0.711 1.71 

Regression Equation 
Reinforcement Height = 4.204 + 0.003635*WFS - 0.0547*V - 0.07479*TS - 0.000118*V^2 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 1580.05 263.34 83.36 0.000 

  WFS 1 677.02 677.02 214.30 0.000 

  V 1 0.85 0.85 0.27 0.606 

  TS 1 1075.39 1075.39 340.40 0.000 

  TS^2 1 0.39 0.39 0.12 0.727 

  W*V 1 1.69 1.69 0.53 0.467 

  W*TS 1 0.44 0.44 0.14 0.710 

Error 63 199.03 3.16       

Total 69 1779.08          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

1.77740 88.81% 87.75% 86.40% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 14.16 1.58 8.95 0.000    

WFS 0.02547 0.00174 14.64 0.000 1.16 

V 0.0399 0.0771 0.52 0.606 1.86 

TS -0.5899 0.0320 -18.45 0.000 1.11 

TS^2 -0.00053 0.00151 -0.35 0.727 10.83 

W*V -0.000111 0.000152 -0.73 0.467 7.65 

W*TS 0.000066 0.000176 0.37 0.710 21.52 

Regression Equation 
Reinforcement  
Area 

= 14.16 + 0.02547*WFS + 0.0399*V - 0.5899*TS - 0.00053*TS^2 -
 0.000111*W*V 
+ 0.000066*W*TS 
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Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 4 381.966 95.491 12.57 0.000 

  WFS 1 112.538 112.538 14.81 0.000 

  V 1 78.421 78.421 10.32 0.002 

  TS 1 273.052 273.052 35.93 0.000 

  W*V 1 0.559 0.559 0.07 0.787 

Error 65 493.966 7.599       

Total 69 875.932          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

2.75671 43.61% 40.14% 33.61% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 1.23 2.36 0.52 0.605    

WFS 0.01020 0.00265 3.85 0.000 1.12 

V 0.3001 0.0934 3.21 0.002 1.14 

TS -0.2928 0.0488 -5.99 0.000 1.08 

W*V -0.000025 0.000092 -0.27 0.787 1.18 

Regression Equation 
Penetration Area = 1.23 + 0.01020*WFS + 0.3001*V - 0.2928*TS - 0.000025*W*V 
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Wire – ER 70 S 6 (0.035 in)   
Gas Type: 85% Argon- 15% Carbon di-Oxide 

Regression Analysis: Current 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 56246.3 9374.39 255.69 0.000 

  WFS 1 1769.7 1769.67 48.27 0.000 

  V 1 0.3 0.29 0.01 0.930 

  TS 1 1358.5 1358.47 37.05 0.000 

  W^2 1 317.9 317.90 8.67 0.006 

  TS^2 1 752.4 752.36 20.52 0.000 

  V*TS 1 227.4 227.36 6.20 0.018 

Error 36 1319.9 36.66       

Total 42 57566.2          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

6.05500 97.71% 97.33% 96.86% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 78.1 27.8 2.80 0.008    

WFS 0.4496 0.0647 6.95 0.000 78.59 

V -0.09 1.04 -0.09 0.930 16.62 

TS -5.674 0.932 -6.09 0.000 105.51 

W^2 -0.000222 0.000075 -2.94 0.006 78.26 

TS^2 0.0528 0.0117 4.53 0.000 47.71 

V*TS 0.1087 0.0437 2.49 0.018 205.25 

Regression Equation 
Current = 78.1 + 0.4496*WFS - 0.09*V - 5.674*TS - 0.000222*W^2 + 0.0528*TS^2 

+ 0.1087*V*TS 
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Regression Analysis: Bead Width 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 9 138.203 15.3559 71.64 0.000 

  WFS 1 0.756 0.7562 3.53 0.069 

  V 1 1.768 1.7682 8.25 0.007 

  TS 1 0.548 0.5484 2.56 0.119 

  W^2 1 1.505 1.5047 7.02 0.012 

  V^2 1 0.741 0.7414 3.46 0.072 

  TS^2 1 14.934 14.9341 69.68 0.000 

  W*V 1 2.943 2.9429 13.73 0.001 

  W*TS 1 2.568 2.5682 11.98 0.002 

  V*TS 1 3.696 3.6958 17.24 0.000 

Error 33 7.073 0.2143       

Total 42 145.276          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.462968 95.13% 93.80% 92.04% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -8.17 5.08 -1.61 0.117    

WFS 0.01221 0.00650 1.88 0.069 135.59 

V 1.045 0.364 2.87 0.007 347.43 

TS -0.1179 0.0737 -1.60 0.119 112.79 

W^2 -0.000015 0.000006 -2.65 0.012 78.68 

V^2 -0.01312 0.00705 -1.86 0.072 327.88 

TS^2 0.00870 0.00104 8.35 0.000 65.12 

W*V 0.000558 0.000151 3.71 0.001 65.28 

W*TS -0.000336 0.000097 -3.46 0.002 75.44 

V*TS -0.01396 0.00336 -4.15 0.000 208.26 

Regression Equation 
Bead Width = -8.17 + 0.01221*WFS + 1.045*V - 0.1179*TS - 0.000015*W^2 - 0.01312*V^2 

+ 0.00870*TS^2 + 0.000558*W*V - 0.000336*W*TS - 0.01396*V*TS 
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Regression Analysis: Bead Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 8 33.6426 4.20532 83.36 0.000 

  WFS 1 0.0168 0.01680 0.33 0.566 

  V 1 0.1522 0.15217 3.02 0.086 

  TS 1 0.8644 0.86435 17.13 0.000 

  W^2 1 0.1422 0.14220 2.82 0.097 

  V^2 1 0.5150 0.51500 10.21 0.002 

  TS^2 1 0.1426 0.14257 2.83 0.097 

  W*V 1 2.3963 2.39634 47.50 0.000 

  V*TS 1 0.1407 0.14068 2.79 0.099 

Error 77 3.8845 0.05045       

Total 85 37.5271          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.224606 89.65% 88.57% 86.86% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -0.28 1.72 -0.16 0.872    

WFS -0.00123 0.00214 -0.58 0.566 124.45 

V 0.216 0.125 1.74 0.086 346.71 

TS -0.1034 0.0250 -4.14 0.000 110.07 

W^2 -0.000003 0.000002 -1.68 0.097 78.63 

V^2 -0.00771 0.00241 -3.20 0.002 325.83 

TS^2 0.000538 0.000320 1.68 0.097 52.19 

W*V 0.000356 0.000052 6.89 0.000 65.02 

V*TS 0.00192 0.00115 1.67 0.099 206.62 

Regression Equation 
Bead Depth = -0.28 - 0.00123*WFS + 0.216*V - 0.1034*TS - 0.000003*W^2 - 0.00771*V^2 

+ 0.000538*TS^2 + 0.000356*W*V + 0.00192*V*TS 
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Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 29.2649 4.87748 109.90 0.000 

  WFS 1 1.2858 1.28584 28.97 0.000 

  V 1 0.2802 0.28021 6.31 0.014 

  TS 1 5.7122 5.71221 128.71 0.000 

  V^2 1 0.2985 0.29848 6.73 0.011 

  TS^2 1 2.9017 2.90168 65.38 0.000 

  W*V 1 0.3522 0.35217 7.93 0.006 

Error 79 3.5062 0.04438       

Total 85 32.7710          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.210670 89.30% 88.49% 87.65% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 6.52 1.53 4.27 0.000    

WFS 0.00657 0.00122 5.38 0.000 46.15 

V -0.289 0.115 -2.51 0.014 335.83 

TS -0.1462 0.0129 -11.34 0.000 33.31 

V^2 0.00585 0.00226 2.59 0.011 324.03 

TS^2 0.001943 0.000240 8.09 0.000 33.44 

W*V -0.000136 0.000048 -2.82 0.006 64.65 

Regression Equation 
Reinforcement 
Height 

= 6.52 + 0.00657*WFS - 0.289*V - 0.1462*TS + 0.00585*V^2 
+ 0.001943*TS^2 
- 0.000136*W*V 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 2086.08 347.680 319.27 0.000 

  WFS 1 66.08 66.083 60.68 0.000 

  V 1 1.79 1.785 1.64 0.204 

  TS 1 214.23 214.232 196.72 0.000 

  W^2 1 6.22 6.217 5.71 0.019 

  TS^2 1 153.18 153.184 140.67 0.000 

  W*TS 1 43.44 43.436 39.89 0.000 

Error 79 86.03 1.089       

Total 85 2172.11          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

1.04355 96.04% 95.74% 95.31% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 8.18 2.27 3.61 0.001    

WFS 0.06678 0.00857 7.79 0.000 92.89 

V 0.0429 0.0335 1.28 0.204 1.16 

TS -0.9482 0.0676 -14.03 0.000 37.37 

W^2 -0.000022 0.000009 -2.39 0.019 77.83 

TS^2 0.01718 0.00145 11.86 0.000 49.53 

W*TS -0.000968 0.000153 -6.32 0.000 74.05 

Regression Equation 
Reinforcement 
Area 

= 8.18 + 0.06678*WFS + 0.0429*V - 0.9482*TS - 0.000022*W^2 
+ 0.01718*TS^2 
- 0.000968*W*TS 

 

 

 

 

 



148 
 

Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 7 1371.93 195.990 79.43 0.000 

  WFS 1 20.65 20.646 8.37 0.005 

  V 1 37.34 37.341 15.13 0.000 

  TS 1 82.95 82.952 33.62 0.000 

  W^2 1 19.87 19.872 8.05 0.006 

  TS^2 1 110.63 110.629 44.83 0.000 

  W*V 1 113.77 113.769 46.11 0.000 

  W*TS 1 44.79 44.791 18.15 0.000 

Error 78 192.47 2.468       

Total 85 1564.40          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

1.57084 87.70% 86.59% 85.41% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 25.17 4.92 5.12 0.000    

WFS -0.0451 0.0156 -2.89 0.005 135.49 

V -0.626 0.161 -3.89 0.000 11.83 

TS -0.599 0.103 -5.80 0.000 38.50 

W^2 0.000039 0.000014 2.84 0.006 77.84 

TS^2 0.01467 0.00219 6.70 0.000 49.99 

W*V 0.002449 0.000361 6.79 0.000 64.98 

W*TS -0.000985 0.000231 -4.26 0.000 74.41 

Regression Equation 
Penetration Area = 25.17 - 0.0451*WFS - 0.626*V - 0.599*TS + 0.000039*W^2 + 0.01467*TS^2 

+ 0.002449*W*V - 0.000985*W*TS 
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Wire – ER 70 S 6 (0.035 in)   

Gas Type: 100% Carbon di-Oxide 

Regression Analysis: Current 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 57762.4 9627.07 192.63 0.000 

  WFS 1 753.5 753.54 15.08 0.000 

  V 1 4.6 4.62 0.09 0.763 

  TS 1 655.1 655.10 13.11 0.001 

  W^2 1 462.1 462.13 9.25 0.004 

  TS^2 1 781.8 781.81 15.64 0.000 

  W*V 1 209.0 208.99 4.18 0.048 

Error 36 1799.2 49.98       

Total 42 59561.6          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

7.06942 96.98% 96.48% 96.11% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 32.5 30.3 1.07 0.291    

WFS 0.3687 0.0949 3.88 0.000 124.13 

V 0.31 1.02 0.30 0.763 11.77 

TS -2.216 0.612 -3.62 0.001 33.39 

W^2 -0.000267 0.000088 -3.04 0.004 77.83 

TS^2 0.0452 0.0114 3.96 0.000 33.52 

W*V 0.00468 0.00229 2.04 0.048 64.66 

Regression Equation 
Current  = 32.5 + 0.3687*WFS + 0.31*V - 2.216*TS - 0.000267*W^2 + 0.0452*TS^2 

+ 0.00468*W*V 
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Regression Analysis: Bead Width 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 143.170 23.8617 49.99 0.000 

  WFS 1 3.427 3.4271 7.18 0.011 

  V 1 13.086 13.0856 27.42 0.000 

  TS 1 1.734 1.7338 3.63 0.065 

  W^2 1 2.065 2.0649 4.33 0.045 

  TS^2 1 10.246 10.2460 21.47 0.000 

  V*TS 1 2.617 2.6171 5.48 0.025 

Error 36 17.183 0.4773       

Total 42 160.353          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.690865 89.28% 87.50% 85.23% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant -5.28 3.18 -1.66 0.105    

WFS 0.01978 0.00738 2.68 0.011 78.59 

V 0.622 0.119 5.24 0.000 16.62 

TS -0.203 0.106 -1.91 0.065 105.51 

W^2 -0.000018 0.000009 -2.08 0.045 78.26 

TS^2 0.00617 0.00133 4.63 0.000 47.71 

V*TS -0.01167 0.00498 -2.34 0.025 205.25 

Regression Equation 
Bead Width = -5.28 + 0.01978*WFS + 0.622*V - 0.203*TS - 0.000018*W^2 

+ 0.00617*TS^2 - 0.01167*V*TS 
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Regression Analysis: Bead Depth 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 5 23.8737 4.77474 26.58 0.000 

  WFS 1 0.7640 0.76397 4.25 0.042 

  V 1 0.3657 0.36573 2.04 0.157 

  TS 1 4.2044 4.20441 23.41 0.000 

  TS^2 1 2.5593 2.55930 14.25 0.000 

  W*V 1 2.0632 2.06319 11.49 0.001 

Error 80 14.3693 0.17962       

Total 85 38.2430          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.423812 62.43% 60.08% 57.62% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 3.75 1.06 3.53 0.001    

WFS -0.00506 0.00245 -2.06 0.042 46.15 

V -0.0618 0.0433 -1.43 0.157 11.76 

TS -0.1185 0.0245 -4.84 0.000 29.74 

TS^2 0.001711 0.000453 3.77 0.000 29.42 

W*V 0.000329 0.000097 3.39 0.001 64.65 

Regression Equation 
Bead Depth = 3.75 - 0.00506*WFS - 0.0618*V - 0.1185*TS + 0.001711*TS^2 

+ 0.000329*W*V 
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Regression Analysis: Reinforcement Height 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 3 30.903 10.3009 49.84 0.000 

  WFS 1 19.672 19.6722 95.19 0.000 

  V 1 4.718 4.7184 22.83 0.000 

  TS 1 10.136 10.1361 49.04 0.000 

Error 82 16.947 0.2067       

Total 85 47.850          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.454612 64.58% 63.29% 61.60% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 3.381 0.361 9.36 0.000    

WFS 0.004071 0.000417 9.76 0.000 1.16 

V -0.0697 0.0146 -4.78 0.000 1.16 

TS -0.03842 0.00549 -7.00 0.000 1.30 

Regression Equation 
Reinforcement Height = 3.381 + 0.004071*WFS - 0.0697*V - 0.03842*TS 
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Regression Analysis: Reinforcement Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 6 2602.41 433.734 524.71 0.000 

  WFS 1 125.25 125.245 151.52 0.000 

  V 1 4.90 4.905 5.93 0.017 

  TS 1 273.85 273.853 331.29 0.000 

  TS^2 1 251.53 251.528 304.29 0.000 

  W*V 1 5.78 5.778 6.99 0.010 

  W*TS 1 83.36 83.360 100.84 0.000 

Error 79 65.30 0.827       

Total 85 2667.71          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

0.909183 97.55% 97.37% 97.19% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 5.80 2.39 2.42 0.018    

WFS 0.07288 0.00592 12.31 0.000 58.37 

V 0.2270 0.0932 2.44 0.017 11.82 

TS -1.0372 0.0570 -18.20 0.000 34.98 

TS^2 0.02113 0.00121 17.44 0.000 45.65 

W*V -0.000552 0.000209 -2.64 0.010 64.97 

W*TS -0.001344 0.000134 -10.04 0.000 74.39 

Regression Equation 
Reinforcement 
Area 

= 5.80 + 0.07288*WFS + 0.2270*Voltage - 1.0372*TS + 0.02113*TS^2 -
 0.000552*W*V- 0.001344*W*TS 
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Regression Analysis: Penetration Area 

Analysis of Variance 
Source DF Adj SS Adj MS F-Value P-Value 

Regression 4 1784.28 446.070 105.33 0.000 

  WFS 1 75.83 75.833 17.91 0.000 

  V 1 4.72 4.721 1.11 0.294 

  TS 1 504.66 504.661 119.16 0.000 

  W*V 1 161.89 161.885 38.22 0.000 

Error 81 343.05 4.235       

Total 85 2127.33          

Model Summary 
S R-sq R-sq(adj) R-sq(pred) 

2.05795 83.87% 83.08% 82.16% 

Coefficients 
Term Coef SE Coef T-Value P-Value VIF 

Constant 11.53 5.15 2.24 0.028    

WFS -0.0496 0.0117 -4.23 0.000 44.64 

V -0.219 0.207 -1.06 0.294 11.40 

TS -0.2713 0.0248 -10.92 0.000 1.30 

W*V 0.002866 0.000464 6.18 0.000 62.54 

Regression Equation 
Penetration Area = 11.53 - 0.0496*WFS - 0.219*Voltage - 0.2713*TS1 + 0.002866*W*V 
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Appendix D Model Fit (Linear)-Extended DoE 

Weld width as a function of wire feed speed for 0.035 in wire (Each grid plots the width versus wire feed speed, with raw 
data for different Voltage and Travel Speed for each gas, and the model predictive equation for that quadrant 
represented) 

 

 

 

 

 

 

 

 

 

 



156 
 

Weld penetration as a function of wire feed speed for 0.035 in wire (each grid plots the width versus wire feed speed, 
with raw data for different voltage and travel speed for each gas, and the predictive model equation for that quadrant) 
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Weld reinforcement height as a function of wire feed speed for 0.035 in wire (Each grid plots the width versus wire feed 
speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that 
quadrant represented) 
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Weld reinforcement area as a function of wire feed speed for 0.035 in wire (Each grid plots the width versus wire feed 
speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that 
quadrant represented) 
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Weld penetration area as a function of wire feed speed for 0.035 in wire (Each grid plots the width versus wire feed 
speed, with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that 
quadrant represented) 
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Welding current as a function of wire feed speed for 0.035 in wire (Each grid plots the width versus wire feed speed, 
with raw data for different Voltage and Travel Speed for each gas, and the model predictive equation for that quadrant 
represented) 
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ER 70S-6 (0.035 in)  

Model fit for low- intermediate wire feed speed and voltage range at lower travel speed rates 
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ER 70S-6 (0.035 in)  

Model fit for intermediate-high wire Feed speed and voltage range at higher travel speed rates 
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ER 70S-6 (0.045 in)  

Model fit for low- intermediate wire feed speed and voltage range at lower travel speed rates 
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ER 70S-6 (0.045 in)  

Model fit for intermediate-high wire Feed speed and voltage range at higher travel speed rates 
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Appendix E F-Test 

a) Test for variance in experimental data from cross section within a 
weld bead 

Test for variance in experimental data within cross section of Weld bead (0.045 in) – 100% Argon gas 

a) F-Test Two-Sample for Variances (Depth) 
b) F-Test Two-Sample for Variances 

(Reinforcement Area) 

 

Depth 
Cross 

Section 1 

Depth 
Cross 

Section 2 
Mean 2.292 2.352286 

Variance 2.121011 2.091277 
Observations 35 35 

df 34 34 
F 1.014218 

 P(F<=f) one-tail 0.483704 
 F Critical one-tail 1.772066 
 

 

 

R.A Cross 
Section 1 

R.A Cross 
Section 2 

Mean 16.80429 16.77435 
Variance 46.45227 45.88033 

Observations 35 35 
df 34 34 
F 1.012466 

 P(F<=f) one-tail 0.485699 
 F Critical one-tail 1.772066 
 

 

 
c) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
d) F-Test Two-Sample for Variances 

(Penetration Area) 

 

R.Ht Cross 
Section 1 

R.Ht Cross 
Section 2 

Mean 2.929714 3.026286 
Variance 0.691797 0.690424 

Observations 35 35 
df 34 34 
F 1.001989 

 P(F<=f) one-tail 0.497706 
 F Critical one-tail 1.772066 
 

 

 

P.A Cross 
Section 2 

P.A Cross 
Section 1 

Mean 12.47057 12.68229 
Variance 68.68949 62.40004 

Observations 35 35 
df 34 34 
F 1.100792 

 P(F<=f) one-tail 0.390556 
 F Critical one-tail 1.772066 
 

 

 

Test for variance in experimental data within cross section of Weld bead (0.045 in) – 85% 
Argon+15%% CO2 gas 

a) F-Test Two-Sample for Variances (Depth) b) F-Test Two-Sample for Variances 
(Reinforcement Area) 

  
Depth Cross 

Section 1 
Depth Cross 

Section 2 
Mean 3.108372 3.164186 
Variance 1.686462 1.585639 
Observations 43 43 
df 42 42 
F 1.063585 

 P(F<=f) one-tail 0.421307 
 F Critical one-tail 1.670971   

 

  
R.A Cross 
Section 1 

R.A Cross 
Section 2 

Mean 16.05837 16.06744 
Variance 46.11732 43.99795 
Observations 43 43 
df 42 42 
F 1.04817 

 P(F<=f) one-tail 0.439777 
 F Critical one-tail 1.670971   
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c) F-Test Two-Sample for Variances 
(Reinforcement Height) 

d) F-Test Two-Sample for Variances 
(Penetration Area) 

  
R.Ht Cross 
Section 2 

R.Ht Cross 
Section 1 

Mean 2.740698 2.685116 
Variance 0.763602 0.651492 
Observations 43 43 
df 42 42 
F 1.172081 

 P(F<=f) one-tail 0.304609 
 F Critical one-tail 1.670971   

 

  
P.A Cross 
Section 2 

P.A Cross 
Section 1 

Mean 17.60535 17.41884 
Variance 44.12673 41.18605 
Observations 43 43 
df 42 42 
F 1.0714 

 P(F<=f) one-tail 0.412107 
 F Critical one-tail 1.670971   

 

 

Test for variance in experimental data within cross section of Weld bead (0.045 in) – 100% CO2 gas 

a) F-Test Two-Sample for Variances (Depth) 
b) F-Test Two-Sample for Variances 

(Reinforcement Area) 

  
Depth Cross 

Section 1 
Depth Cross 

Section 2 
Mean 3.26093 3.327907 
Variance 1.392023 1.347474 
Observations 43 43 
df 42 42 
F 1.033061 

 P(F<=f) one-tail 0.458279 
 F Critical one-tail 1.670971   

 

  
R.A Cross 
Section 2 

R.A Cross 
Section 1 

Mean 16.23953 16.25349 
Variance 45.91623 45.76941 
Observations 43 43 
df 42 42 
F 1.003208 

 P(F<=f) one-tail 0.495885 
 F Critical one-tail 1.670971   

 

 
c) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
d) F-Test Two-Sample for Variances 

(Penetration Area) 

  
R.Ht Cross 
Section 1 

R.Ht Cross 
Section 2 

Mean 2.89093 2.944884 
Variance 0.728832 0.690702 
Observations 43 43 
df 42 42 
F 1.055206 

 P(F<=f) one-tail 0.431294 
 F Critical one-tail 1.670971   

 

  
P.A Cross 
Section 1 

P.A Cross 
Section 2 

Mean 16.31326 16.52 
Variance 62.19877 60.07388 
Observations 43 43 
df 42 42 
F 1.035371 

 P(F<=f) one-tail 0.455426 
 F Critical one-tail 1.670971   
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Test for variance in experimental data within cross section of Weld bead (0.035 in) – 100% Argon gas 

a) F-Test Two-Sample for Variances (Depth) 
b) F-Test Two-Sample for Variances 

(Reinforcement Area) 

  
Depth Cross 

Section 2 
Depth Cross 

Section 1 
Mean 1.406286 1.474286 
Variance 0.419959 0.344796 
Observations 35 35 
df 34 34 
F 1.217994 

 P(F<=f) one-tail 0.284244 
 F Critical one-tail 1.772066   

 

  
R.A Cross 
Section 1 

R.A Cross 
Section 2 

Mean 12.68429 12.49171 
Variance 26.3273 25.97942 
Observations 35 35 
df 34 34 
F 1.01339 

 P(F<=f) one-tail 0.484646 
 F Critical one-tail 1.772066   

 

 
c) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
d) F-Test Two-Sample for Variances 

(Penetration Area) 

  
R.Ht Cross 
Section 2 

R.Ht Cross 
Section 1 

Mean 2.728571 2.751714 
Variance 0.697248 0.58075 
Observations 35 35 
df 34 34 
F 1.200599 

 P(F<=f) one-tail 0.298493 
 F Critical one-tail 1.772066   

 

  
P.A Cross 
Section 2 

P.A Cross 
Section 1 

Mean 7.095429 5.825143 
Variance 13.18685 11.7453 
Observations 35 35 
df 34 34 
F 1.122734 

 P(F<=f) one-tail 0.368831 
 F Critical one-tail 1.772066   

 

 

Test for variance in experimental data within cross section of Weld bead (0.035 in) – 85% 
Argon+15%% CO2 gas 

a) F-Test Two-Sample for Variances (Depth) 
b) F-Test Two-Sample for Variances 

(Reinforcement Area) 
  

  

Depth 
Cross 

Section 2 

Depth 
Cross 

Section 1 
Mean 1.907209 1.895116 
Variance 0.480459 0.412968 
Observations 43 43 
df 42 42 
F 1.163427 

 P(F<=f) one-tail 0.313004 
 F Critical one-tail 1.670971   

 
 
 
 
 
 

  
R.A Cross 
Section 2 

R.A Cross 
Section 1 

Mean 11.84791 11.85437 
Variance 26.31836 25.39848 
Observations 43 43 
df 42 42 
F 1.036218 

 P(F<=f) one-tail 0.454383 
 F Critical one-tail 1.670971   
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c) F-Test Two-Sample for Variances 
(Reinforcement Height) 

d) F-Test Two-Sample for Variances 
(Penetration Area) 

  
R.Ht Cross 
Section 2 

R.Ht Cross 
Section 1 

Mean 2.138605 2.204884 
Variance 0.393469 0.384545 
Observations 43 43 
df 42 42 
F 1.023209 

 P(F<=f) one-tail 0.470544 
 F Critical one-tail 1.670971   

 

  
P.A Cross 
Section 2 

P.A Cross 
Section 1 

Mean 9.32498 9.302837 
Variance 18.86708 18.38024 
Observations 43 43 
df 42 42 
F 1.026487 

 P(F<=f) one-tail 0.466446 
 F Critical one-tail 1.670971   

 

 

Test for variance in experimental data within cross section of Weld bead (0.045 in) – 100% CO2 gas 

a) F-Test Two-Sample for Variances 
(Depth) 

b) F-Test Two-Sample for Variances 
(Reinforcement Area) 

  

Depth 
Cross 

Section 2 

Depth 
Cross 

Section 1 
Mean 1.894651 1.884884 
Variance 0.473006 0.437492 
Observations 43 43 
df 42 42 
F 1.081177 

 P(F<=f) one-tail 0.400761 
 F Critical one-tail 1.670971   

 

  
R.A Cross 
Section 1 

R.A Cross 
Section 2 

Mean 11.55023 11.63721 
Variance 32.16447 31.34852 
Observations 43 43 
df 42 42 
F 1.026028 

 P(F<=f) one-tail 0.467018 
 F Critical one-tail 1.670971   

 

 
c) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
d) F-Test Two-Sample for Variances 

(Penetration Area) 

  
R.Ht Cross 
Section 2 

R.Ht Cross 
Section 1 

Mean 2.416047 2.470465 
Variance 0.622058 0.515709 
Observations 43 43 
df 42 42 
F 1.206218 

 P(F<=f) one-tail 0.273091 
 F Critical one-tail 1.670971   

 

  
P.A Cross 
Section 2 

P.A Cross 
Section 1 

Mean 9.069302 9.207442 
Variance 25.38171 25.25918 
Observations 43 43 
df 42 42 
F 1.004851 

 P(F<=f) one-tail 0.493782 
 F Critical one-tail 1.670971   
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b) Test for variance in experimental data from cross section within a 
weld bead 
 

Test for variance in predicted data with different diameter wire– 100% Argon gas 

a) F-Test Two-Sample for Variances (Current) b) F-Test Two-Sample for Variances 
(Width) 

  0.045 in  0.035 in 
Mean 270.1139 203.3082 
Variance 5708.334 1887.475 
Observations 35 35 
df 34 34 
F 3.024323 

 P(F<=f) one-tail 0.000883 
 F Critical one-tail 1.772066   

 

  0.035 in 0.045 in 
Mean 7.488061 8.814299 
Variance 7.632054 4.843888 
Observations 35 35 
df 34 34 
F 1.575605 

 P(F<=f) one-tail 0.09506 
 F Critical one-tail 1.772066   

 

 
c) F-Test Two-Sample for Variances (Depth) 

d) F-Test Two-Sample for Variances 
(Reinforcement Area) 

  0.045 in 0.035 in 
Mean 2.323259 1.807246 
Variance 1.81293 0.428969 
Observations 70 70 
df 69 69 
F 4.226249 

 P(F<=f) one-tail 4.91E-09 
 F Critical one-tail 1.49   

 

  0.045 in 0.035 in 
Mean 16.79184 16.14895 
Variance 44.98734 35.87658 
Observations 70 70 
df 69 69 
F 1.253947 

 P(F<=f) one-tail 0.174769 
 F Critical one-tail 1.49   

 

 
e) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
f) F-Test Two-Sample for Variances 

(Penetration Area) 
  0.035 in 0.045 in 

Mean 3.296076 3.007241 
Variance 0.826196 0.568568 
Observations 70 70 
df 69 69 
F 1.453118 

 P(F<=f) one-tail 0.061527 
 F Critical one-tail 1.49   

 

  0.045 in 0.035 in 
Mean 16.7395 7.731994 
Variance 43.95342 7.095677 
Observations 70 70 
df 69 69 
F 6.194394 

 P(F<=f) one-tail 6E-13 
 F Critical one-tail 1.49   
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Test for variance in predicted data with different diameter wire– 85% Argon gas+15%CO2 gas 

a) F-Test Two-Sample for Variances (Current) 
b) F-Test Two-Sample for Variances 

(Width) 

  0.045 in 0.035 in 
Mean 292.4269 225.2655 
Variance 4933.152 1831.676 
Observations 43 43 
df 42 42 
F 2.693245 

 P(F<=f) one-tail 0.000875 
 F Critical one-tail 1.670971   

 

  0.035 in 0.045 in 
Mean 7.974544 9.324047 
Variance 5.055968 4.761308 
Observations 43 43 
df 42 42 
F 1.061886 

 P(F<=f) one-tail 0.423321 
 F Critical one-tail 1.670971   

 

 
c) F-Test Two-Sample for Variances (Depth) 

d) F-Test Two-Sample for Variances 
(Reinforcement Area) 

  0.045 in 0.035 in 
Mean 3.239605 2.759469 
Variance 1.607095 0.997814 
Observations 86 86 
df 85 85 
F 1.610617 

 P(F<=f) one-tail 0.014613 
 F Critical one-tail 1.431643   

 

  0.045 in 0.035 in 
Mean 16.06921 13.4196 
Variance 43.69631 31.17437 
Observations 86 86 
df 85 85 
F 1.401674 

 P(F<=f) one-tail 0.06077 
 F Critical one-tail 1.431643   

 

 
e) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
f) F-Test Two-Sample for Variances 

(Penetration Area) 
  0.045 in 0.035 in 

Mean 2.747603 2.698523 
Variance 0.629477 0.566245 
Observations 86 86 
df 85 85 
F 1.11167 

 P(F<=f) one-tail 0.313321 
 F Critical one-tail 1.431643   

 

  0.045 in 0.035 in 
Mean 17.36568 13.4196 
Variance 33.33479 31.17437 
Observations 86 86 
df 85 85 
F 1.069301 

 P(F<=f) one-tail 0.379063 
 F Critical one-tail 1.431643   
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Test for variance in predicted data with different diameter wire– 100% CO2 gas 

a) F-Test Two-Sample for Variances 
(Current) 

b) F-Test Two-Sample for Variances 
(Width) 

  0.045 in 0.035 in 
Mean 265.3295 205.1542 
Variance 3996.329 1684.642 
Observations 43 43 
df 42 42 
F 2.372213 

 P(F<=f) one-tail 0.003061 
 F Critical one-tail 1.670971   

 

  0.035 in 0.045 in 
Mean 6.355317 8.064816 
Variance 3.967199 2.978382 
Observations 43 43 
df 42 42 
F 1.331998 

 P(F<=f) one-tail 0.178298 
 F Critical one-tail 1.670971   

 

 
c) F-Test Two-Sample for Variances (Depth) 

d) F-Test Two-Sample for Variances 
(Reinforcement Area) 

  0.045 in 0.035 in 
Mean 3.271812 2.481744 
Variance 1.185726 0.879 
Observations 86 86 
df 85 85 
F 1.348949 

 P(F<=f) one-tail 0.084841 
 F Critical one-tail 1.431643   

 

  0.035 in 0.045 in 
Mean 3.233769 2.994167 
Variance 0.765053 0.725725 
Observations 86 86 
df 85 85 
F 1.054191 

 P(F<=f) one-tail 0.404179 
 F Critical one-tail 1.431643   

 

 
e) F-Test Two-Sample for Variances 

(Reinforcement Height) 

 
f) F-Test Two-Sample for Variances 

(Penetration Area) 
  0.035 in 0.045 in 

Mean 37.95019 16.24461 
Variance 190.6492 44.57431 
Observations 86 86 
df 85 85 
F 4.27711 

 P(F<=f) one-tail 6.95E-11 
 F Critical one-tail 1.431643   

 

  0.035 in 0.045 in 
Mean 13.47539 16.60238 
Variance 60.46049 52.42936 
Observations 86 86 
df 85 85 
F 1.15318 

 P(F<=f) one-tail 0.2563 
 F Critical one-tail 1.431643   
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Appendix F Bead on Plate Validation Tests (0.045 in) 

# 
  Travel 

Speed 
(ipm) 

Gas 
Current(A) Width(mm) Depth(mm) WFS 

(Ipm) 
Voltage 

(V) 

  
Measured Predicted Measured Predicted Measured Predicted 

1 247.5 20 16 100% Ar 189.21 194.78±12.61 7.55 7.87±1.22 1.32 1.11±0.53 

2 295 21 20 100% Ar 215.93 213.37±12.61 8.16 7.95±1.22 1.4 1.27±0.53 

3 342.5 23 24 100% Ar 233.16 236.14±12.61 8.39 8.11±1.22 1.83 1.71±0.53 

4 437.5 25 28 100% Ar 287.48 290.24±12.61 8.98 8.68±1.22 2.74 2.8±0.53 

5 485 27 32 100% Ar 322.55 332.19±12.61 9.14 8.75±1.22 3.78 3.74±0.53 

6 532.5 30 24 100% Ar 384.85 396.35±12.61 9.6 8.83±1.22 4.67 5.05±0.53 

7 485 25 24 100% Ar 305.71 310.72±12.61 10.87 10.03±1.22 3.3 3.17±0.53 

8 532.5 27 28 100% Ar 357.48 354.26±12.61 11.02 10.51±1.22 3.62 4.19±0.53 

9 247.5 20 16 85% Ar + 15% CO2 203.72 214.09±7.05 9.46 9.02±0.6 1.89 2.11±0.47 

10 295 21 20 85% Ar + 15% CO2 228.35 231.42±7.05 9.85 9.6±0.6 2.17 2.35±0.47 

11 342.5 23 24 85% Ar + 15% CO2 253.22 251.2±7.05 10.29 10.31±0.6 2.73 2.9±0.47 

12 437.5 25 28 85% Ar + 15% CO2 300.84 297.58±7.05 10.76 10.38±0.6 3.48 3.69±0.47 

13 485 27 32 85% Ar + 15% CO2 336.3 328.97±7.05 10.38 9.6±0.6 3.88 4.21±0.47 

14 532.5 30 36 85% Ar + 15% CO2 384.5 376.14±7.05 9.05 8.21±0.6 4.18 4.73±0.47 

15 485 25 24 85% Ar + 15% CO2 320.16 317.97±7.05 11.42 11.16±0.6 4.13 4.03±0.47 

16 532.5 27 28 85% Ar + 15% CO2 341.57 348.18±7.05 10.81 10.03±0.6 4.42 4.59±0.47 

17 247.5 20 16 100%CO2 201.13 191.77±16.28 8.11 7.5±0.71 2.02 2.44±0.54 

18 295 21 20 100%CO2 223.64 214.88±16.28 8.47 7.89±0.71 2.21 2.4±0.54 

19 342.5 23 24 100%CO2 248.27 240.1±16.28 9.12 8.5±0.71 2.37 2.4±0.54 

20 437.5 25 28 100%CO2 298.8 286.32±16.28 9.08 8.84±0.71 2.89 2.98±0.54 

21 485 27 32 100%CO2 324.44 311.55±16.28 9.39 8.48±0.71 3.42 3.72±0.54 
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22 532.5 30 36 100%CO2 351.5 338.88±16.28 8.64 7.71±0.71 4.15 5.08±0.54 

23 485 25 24 100%CO2 315.35 307.32±16.28 9.74 9.62±0.71 3.61 3.49±0.54 

24 532.5 27 28 100%CO2 336.78 332.55±16.28 9.92 9.1±0.71 4.07 4.27±0.54 
 

 

# 
  Travel 

Speed 
(ipm) 

Gas 
Reinforcement Height 

(mm) 
Reinforcement Area 

(mm2) 
Penetration  Area 

(mm2) 
WFS 
(Ipm) 

Voltage 
(V) 

  
Measured Predicted Measured Predicted Measured Predicted 

1 247.5 20 16 100% Ar 2.84 2.99±0.39 15.94 16.18±0.74 16.23 17.13±1.19 

2 295 21 20 100% Ar 2.79 2.83±0.39 14.63 14.25±0.74 14.61 14.7±1.19 

3 342.5 23 24 100% Ar 2.98 2.69±0.39 14.44 13.26±0.74 14.74 13.43±1.19 

4 437.5 25 28 100% Ar 2.92 2.85±0.39 15.27 14.88±0.74 16.16 15.2±1.19 

5 485 27 32 100% Ar 2.66 2.81±0.39 15.63 15.49±0.74 16.97 16.24±1.19 

6 532.5 30 24 100% Ar 3.13 2.82±0.39 21.47 17.04±0.74 18.68 18.45±1.19 

7 485 25 24 100% Ar 3.6 3.34±0.39 18.83 19.11±0.74 20.26 19.08±1.19 

8 532.5 27 28 100% Ar 3.36 3.24±0.39 18.02 18.22±0.74 20.12 18.95±1.19 

9 247.5 20 16 85% Ar + 15% CO2 2.48 2.57±0.30 15.71 16.27±0.97 14.11 12.1±3.19 

10 295 21 20 85% Ar + 15% CO2 2.78 2.63±0.30 14.87 15.34±0.97 15.29 14.03±3.19 

11 342.5 23 24 85% Ar + 15% CO2 2.81 2.63±0.30 14.58 14.51±0.97 16.56 17.02±3.19 

12 437.5 25 28 85% Ar + 15% CO2 3.13 2.92±0.30 15.62 15.51±0.97 19.78 20.61±3.19 

13 485 27 32 85% Ar + 15% CO2 2.92 2.9±0.30 15.11 14.54±0.97 22.25 22.29±3.19 

14 532.5 30 36 85% Ar + 15% CO2 2.74 2.83±0.30 14.73 13.68±0.97 24.42 23.78±3.19 

15 485 25 24 85% Ar + 15% CO2 3.19 3.37±0.30 20.04 20.58±0.97 25.08 23.24±3.19 

16 532.5 27 28 85% Ar + 15% CO2 3.08 3.31±0.30 19.29 18.85±0.97 26.56 25.38±3.19 

17 247.5 20 16 100%CO2 2.62 3.27±0.39 15.25 16.1±0.87 14.39 13.07±4.32 

18 295 21 20 100%CO2 2.68 2.89±0.39 14.97 15.24±0.87 13.25 11.39±4.32 
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19 342.5 23 24 100%CO2 2.76 2.65±0.39 14.51 14.49±0.87 15.46 12.18±4.32 

20 437.5 25 28 100%CO2 2.97 2.91±0.39 16.02 15.65±0.87 16.59 16.03±4.32 

21 485 27 32 100%CO2 3.06 3.12±0.39 15.46 14.8±0.87 19.72 20.51±4.32 

22 532.5 30 36 100%CO2 3 3.57±0.39 15.14 14.07±0.87 25.33 28.75±4.32 

23 485 25 24 100%CO2 2.99 3.54±0.39 20.33 20.85±0.87 21.6 18.84±4.32 

24 532.5 27 28 100%CO2 3.24 3.75±0.39 19.21 19.32±0.87 25.65 23.76±4.32 
 

 


