CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

PhD THESIS

Ugur ESME

EFFECT OF POOL GEOMETRY ON THE QUALITY OF TIG WELDED
JOINTS

DEPARTMENT OF MECHANICAL ENGINEERING

ADANA, 2006



CUKUROVA UNIVERSITESI
FEN BILIMLERI ENSTITUSU

EFFECT OF POOL GEOMETRY ON THE QUALITY OF
TIG WELDED JOINTS

Ugur ESME

DOKTORA TEZI

MAKINA MUHENDISLIGI ANABILIM DALI

Bu Tez 17/07/2006 Tarihinde Asagidaki Jiiri Uyeleri Tarafindan
Oybirligi/Oycoklugu ile Kabul Edilmistir.

hnza: 1rnza: imza:

Prof. Dr. Melih BAYRAMOGLU  Prof. Dr. Necdet GEREN Dog. Dr. Mustafa Kemal KULEKCI
DANISMAN UYE UYE

1mza: Imza:

Dog. Dr. Abdiilkadir EKSI Yrd. Dog. Dr. Ali KOKANGUL

UYE UYE

Bu Tez Enstitiimiiz Makina Miihendisligi Anabilim Dalinda Hazirlanmustir.

Kod No:

Prof. Dr. Aziz ERTUNC
Enstitii Miidiiri

Bu ¢alisma C.U. Bilimsel Arastirma Projeleri Birimi tarafindan desteklenmistir.

Proje No: MMF.2004.D9

Not: Bu tezde kullanilan 6zgiin ve baska kaynaktan yapilan bildirislerin, ¢izelge, sekil ve fotograflarin kaynak

gosterilmeden kullanimi, 5846 sayili Fikir ve Sanat Eserleri Kanunundaki hiikiimlere tabidir.



ABSTRACT
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: Prof. Dr. Necdet GEREN
: Assoc. Prof. Dr. Mustafa Kemal KULEKCI
: Assoc. Prof. Dr. Abdiilkadir EKSI
: Assist. Prof. Dr. Ali KOKANGUL

Across the engineering spectrum, welding is an essential process in the
manufacturing of components, assemblies or complete machines. Tungsten inert gas
(TIG) welding is the best known and most frequently used method of welding
process in food industry, ships, bridges and welding of stainless steels. Basically,
TIG weld quality is strongly characterized by the weld pool geometry which has
several quality responses such as tensile load (TL), heat affected zone (HAZ), upper
width (UW), upper height (UH), penetration (P) and area of penetration (AP). Weld
pool geometry plays an important role in determining the mechanical properties of
the weld. Therefore, it is very important to select the welding process parameters for
obtaining an optimal weld pool geometry. In this study, the effect of TIG welding
process parameters (welding speed, welding current, gas flow rate and gap distance)
on the weld pool shape and the quality responses were investigated. The
mathematical models were developed for optimization and prediction of the weld
pool geometry. Also, a neural network (NN) was used to construct the relationships
between welding process parameters and weld pool geometry in TIG welding.

Keywords:  Tungsten Inert Gas Welding (TIG), Weld Pool Geometry, Central
Composite Design (CCD), Response Surface Methodology (RSM),
Neural Network (NN)
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Miihendislik spektrumu kapsaminda kaynak, tamamlayici pargalar, montaj islemi ve
makine pargalar1 tiretiminde kullanilan temel bir islemdir. TIG kaynagi, gida
endiistrisinde, gemilerde, kopriilerde, paslanmaz celik kaynaginda vb. yerlerde en sik
kullanilan ve en iyi bilinen kaynak yontemidir. Temel olarak TIG kaynagi kaynak
kalitesi, ¢ekme yiikii (TL), 1sidan etkilenmis bolge (HAZ), iist genislik (UW), eriyik
derinligi (P) ve eriyik alami gibi kalite Ol¢iitlerine sahip kaynak havuz geometrisi
tarafindan nitelendirilmistir. Kaynak havuz geometrisi, kaynagin mekanik
ozelliklerini belirlemede 6nemli bir rol oynar. Bu yiizden kaynak parametrelerinin
secimi, en uygun kaynak havuz geometrisinin elde edilmesinde olduk¢a dnemlidir.
Bu c¢aligmada TIG kaynagi parametrelerinin (kaynak hizi, kaynak akimi, gaz akis
orant ve bosluk mesafesi) kaynak havuz sekli ve kalite Olciitlerine etkisi
aragtirllmistir.  Kaynak havuz geometrisinin tahmini ve optimizasyonu ig¢in
matematiksel modeller gelistirilmistir. Ayrica, TIG kaynaginda kaynak havuz
geometrisi ve kaynak parametreleri arasindaki iliskileri yapilandirmak ic¢in yapay
sinir aglar1 (NN) kullanilmistir.

Anahtar Kelimeler: TIG Kaynagi, Kaynak Havuz Geometrisi, Merkezi Bilesik
Dizayn (CCD), Yiizey Tepki Yontemi (RSM), Yapay Sinir
Aglar1 (NN)
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1. INTRODUCTION

Generally, welding can be defined as any process in which two or more
pieces of metal are joined together by the application of heat, pressure, or a
combination of both. Most of the processes may be grouped into two main
categories: pressure welding, in which the weld is achieved by pressure; and heat
welding, which is achieved by heat. Heat welding is the most common welding used
today.

Arc welding, which is heat-type welding, is one of the most important
manufacturing operations for the joining of structural elements for a wide range of
applications, including guide way for trains, ships, bridges, building structures,
automobiles, and nuclear reactors, to name a few. It requires a continuous supply of
either direct or alternating electric current, which create an electric arc to generate
enough heat to melt the metal and form a weld.

The most widely used arc welding processes include;

e Shielded metal arc welding (SMAW),

e Gas tungsten arc welding (GTAW or TIG),
e (Gas metal arc welding (GMAW),

e Submerged metal arc welding (SAW).

The arc welding process is a remarkably complex operation involving
extremely high temperatures, which produce severe distortions and high levels of
residual stresses. These extreme phenomena tend to reduce the strength of a
structure, which becomes vulnerable to fracture, buckling, corrosion and other type
of failures.

The primary goal of any welding operation is to make a weld having the same
properties as the base metal. The only way to produce such a weld is to protect the
molten puddle from the atmosphere. In gas shielded-arc welding, an inert gas is used
as a covering shield around the arc to prevent the atmosphere from contaminating the
weld. Gas shielding makes it possible to weld metals that are otherwise impractical

or difficult to weld by eliminating atmospheric contamination of the molten puddle.
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Tungsten inert gas welding (TIG) is a form of shielded metal arc welding.
However, in tungsten inert gas welding, the electrode is used only for creating the
arc. The electrode is not consumed in the weld as in the shielded metal-arc process.
The basic TIG process involves an intense arc between the base metal and a tungsten
electrode. The arc, the electrode, and the weld zone are surrounded by an inert gas
(i.e. either helium or argon or a mixture of the two as usual) that displaces the air and
eliminates the possibility of weld contamination by the oxygen and nitrogen present
in the atmosphere. The high melting point of tungsten electrode made it virtually
non-consumable.

Nowadays, TIG welding has become an indispensable tool for many
industries since high-quality welds are produced with low equipment costs. The
process uses shielding gas without the application of pressure. The process might be
used with or without the addition of filler metal as well. The electrode is the cathode
and the work-piece is the anode (or vice versa). Primarily electrons obtained by
ionization of the inert gas atoms and emitted by the negative electrode carried the arc
current. The electrons are attracted towards the positive work-piece where they
generate the necessary heat to melt the work-piece edges of the two materials to be
joined. Thus, a weld fusion zone containing liquid material is formed and often
denoted as weld pool.

Basically, TIG weld quality is strongly characterized by the weld pool
geometry which has several quality characteristics as shown in Figure 1.1. These are;

e Upper width,
e Upper height,
e Penetration

of the weld pool.

Wield Paool
Upper Wicth

s
c
=l
=
=
o
c
o
[

&

Figure 1.1. Weld pool geometry



1. INTRODUCTION Ugur ESME

Weld pool geometry plays an important role in determining the mechanical

properties of the weld. Therefore, it is very important to select the welding process

parameters for obtaining an optimal weld pool geometry. Usually, the desired

welding process parameters are determined based on experience or from a handbook.

However, this does not ensure that the selected welding process parameters can

produce the optimal or near optimal weld pool geometry for that particular welding

machine and environment.

In the present study, investigations were carried out on the AISI type

austenitic stainless steels. The materials selected for the experimental study were;

To investigate the effect of process parameters on the quality
responses of the TIG welded joints 1.2 mm AISI 304 austenitic
stainless steel was used. AISI 304 stainless steel is the most
versatile and the most widely used in the fabrication of pressure
vessels plates, food industry and pipe manufacturing. The
difficulties when welding thin steel sheets can be arranged as;
sensitive to high heat input, difficult to control heat affected zone
and penetration, tearing under high current and slow welding speeds,
excessive carbide precipitation under unsuitable welding condition.
AISI type 5 mm 304 L and 4 mm 304 stainless steels were welded
under various electrode tip configurations of 0°, 15°, 30°, 45°, 60°,
75°, 90° in order to analyze the effect of TIG welding parameters
and electrode tip angle on microhardness, tensile load and
microstructure of the joints.

Plates of different thickness are used in the industry and thicker plates
are normally joined by multipass welding. In the analyzing of the
effect of multipass welding on temperature distribution of the joints,
AISI type 304L and 316L stainless steels were used with the

thicknesses of 8 mm and 10 mm.

In this study, experimental design based on the statistical principles has been

used to achieve the most reliable results. Then, the information obtained has been

used to optimize the process and determine the effect of parameters on the quality
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responses. A mathematical model of the process has also been developed to

determine the optimal values of TIG welding parameters

The following aims had been targeted to study the effect of pool geometry on

the quality of austenitic stainless steels:

l.

The effect of multipass welding on the temperature distribution of TIG
welded joints,

The effect of electrode tip angle on the penetration profile, microhardness
and transverse tensile load,

The effect of process parameters (welding speed, welding current, gas
flow rate and gap distance) on the weld pool geometry (tensile load, heat
affected zone, upper width, upper depth, penetration and area of
penetration), and relationship between the process parameters and
responses,

Process parameter selection for optimizing the TIG weld pool geometry
and quality, i.e. maximizing transverse tensile load (TL), minimizing heat
affected zone (HAZ), minimizing upper width (UW), minimizing upper
height (UH), maximizing depth of penetration (P) and area of penetration
(AP),

Developing mathematical formula for predicting the weld pool geometry
using MATLAB programming language,

Construction and prediction of the relationship between welding process
parameters and weld pool geometry by using Neural Network (NN) with
Back propagation Network (BPN),

Finally, comparison of the results between measured values and predicted

values from developed mathematical model and Neural Network.
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2. PREVIOUS STUDIES

2.1. Theory of Tungsten Inert Gas (TIG or GTAW) Welding

Welding can be defined as any process in which two or more pieces of metal
are joined together by the application of heat, pressure, or a combination of both.
Most of the processes may be grouped into two main categories: pressure welding, in
which the weld is achieved by pressure; and heat welding, in which the weld is
achieved by heat. Heat welding is the most common welding used today.

Arc welding, which is heat-type welding, is one of the most important
manufacturing operations for the joining of structural elements for a wide range of
applications, including guide way for trains, ships, bridges, building structures,
automobiles, and nuclear reactors, to name a few. It requires a continuous supply of
either direct or alternating electric current, which create an electric arc to generate
heat to melt the metal and form a weld (Awang, 2002).

The arc welding process is a remarkably complex operation involving
extremely high temperatures, which produce severe distortions and high levels of
residual stresses. These extreme phenomena tend to reduce the strength of a structure
becomes vulnerable to fracture, buckling, corrosion and other type of failures.

The most widely used arc welding processes are shielded metal arc
(SMAW), gas tungsten arc (GTAW or TIG), gas metal arc (GMAW), and submerged
metal arc welding (SMAW) (Teng and et al., 2003).

The TIG welding, also known as Heliarc tungsten inert gas welding
process was invented during the Second World War due to the need of the American
aircraft industry for a method of joining magnesium and aluminum. Russell Meredith
demonstrated the first TIG process for the welding of magnesium using a Tungsten
electrode and helium gas in the late 1930’s. This joining method replaced riveting as
a method of building aircraft with aluminum and magnesium components. The
heliarc welding has continued to this day with many refinements and name

changes, but with no change in the fundamentals demonstrated by Meredith.
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TIG welding uses a non-consumable tungsten electrode protected by an inert
gas (Ericsson, 2002). The electrode is either made of pure tungsten or tungsten,
mixed with small amounts of oxides (thoriumoxide, zirconiumoxide) improving the
stability of the arc and makes it easier to strike. Since the process uses a non-
consumable electrode, extra filler material is usually added for thick materials (Wu

and et al., 1997). The principle of the process is schematically shown in Figure 2.1.

e e ——
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Figure 2.1. Principle of tungsten inert gas (TIG) welding (Ericsson, 2002)

The electrical discharge generates an arc between the electrode tip and the
workpiece to be welded. The arc is normally initialized with a power source with a
high frequency generator, which produces a small spark that provides the initial
conducting path through the air for the low voltage welding current. The frequency
of this ignition pulse is large, up to several MHz. This frequency together with a
high voltage, produces strong electrical interference around the welding cell, which
is a disadvantage when sensors and measuring equipment are used. The arc consists
of a high-temperature conducting arc that produces the thermal energy needed to
melt the base and filler material. The arc temperature spans between 11700 °C and
14700 °C above the pool surface and the temperature of the melted surface spans

1427 °C to 2500 °C, dependent on the material (Ericsson, 2002).
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Three different alternatives of current can be used namely;

1. Direct current (DC) with a positive electrode,
il. DC with a negative electrode,
1ii. Alternative current (AC).

AC is mainly used for the welding of aluminum and magnesium since
cleaning of the oxide layer on the surface can in this way be achieved. DC with a
negative electrode is used for most other materials, including thick plates of
aluminum. Pulsed and non-pulsed currents can be used. A non-pulsed current is
most common. The use of a pulsed current has some advantages, such as increased
penetration (Lothongkum and et al., 2001).

Depending on the thickness of the base material, type of joint and certain
other factors, extra filler material might be needed. In automatic TIG welding hot
or cold wire can be used. Cold wire or Rod is fed in the front of the melted pool as
shown in Figure 2.2. Coiled wire may be acquired in small 100 mm spools or 915
mm long as a rod. The coils and rods are manually fed into the leading edge of the

weld pool during the cold-wire welding.
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Figure 2.2. Cold-wire TIG welding (Kou, 1987)

Hot wire as shown in Figure 2.3, fed in the back and utilizes a heated filler
metal to increase the deposition rate of the process. The wire is resistance heated to

near the melting temperature and fed into the trailing edge of the weld pool.
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Deposition rates to 29 kg/h are achievable. The higher deposition rates obtained
with hot wire make the process competitive for welds and overlays and improve
productivity. The filler material is usually the same as the base material (Modenesi

and et al., 2000).
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Figure 2.3. Hot-wire TIG welding (AWS, 1991)

An inert gas is used to sustain the arc and to protect the melted pool and
the electrode from atmospheric contamination. Depending on the welding
parameters and welding materials, either argon, helium or a mix of the two gases
can be used. Argon is commonly used in welding unalloyed, low alloyed and
stainless steels. However, a mixture of argon and hydrogen or helium can be used
for mechanical welding (Tusek and Suban, 2000). For duplex stainless steel, it is
common to mix argon with nitrogen to ensure a correct ferrite/austenite balance.
Aluminum and alloys are usually welded using argon. The addition of helium can
be used to improve the heat transfer and is therefore sometimes used for the
welding of thicker parts (Suban and et al., 2001).

Gas tungsten arc welding is used extensively for welding stainless steels,
aluminum, magnesium, copper, and reactive materials (for example, titanium and
tantalum). The process can also be used to join carbon and alloy steels. In carbon

steels, it is primarily used for root pass welding with the application of consumable
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inserts or open-root techniques on pipe. The materials welded range from a few

thousands of a millimeter to several millimeters in thicknesses.

2.2. Advantages and Limitations

Tungsten inert gas welding has following advantages:

vV v V V V VY

YV V VYV V

Produces high quality low distortion welds,
Free of spatter associated with other methods,
Can be used with or without filler wire,
All-position welding,
The ability to weld most of the metals and alloys,
The ability to join metals that form refractory oxides, such as
aluminum and magnesium,
Can be used with a range of power supplies,
Gives precise control of welding heat through pulsing,
Visible arc and weld pool,
Filler metal does not cross the arc. The amount added does

not depend on the weld current level.

Some limitations of this process are:

>

Produces lower deposition rates than consumable arc welding
process

Requires slightly more dexterity and welder coordination
than gas metal arc welding (GMAW)

Slow welding speed

Problematic in drafty environments because of difficulty in
shielding the weld zone properly

It is not generally used for very low melting metals such as tin

and lead,
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2.3. Main TIG Welding Equipments

2.3.1. Power Supplies

Power supplies for TIG welding are usually the constant-current type with
a dropping (negative) volt-ampere (V-A) curve. Saturable reactors and thyristor-
controlled units are the most common. Advances in the electronics industry have
readily been accepted in the welding community, resulting in sophisticated, light
weight power supplies. Transistorized direct current (DC) power supplies are
becoming common and the never rectifier inverter supplies are very compact and
versatile.

The inverter power supply consists of three converters:

1. 60 Hz primary alternating current (AC) is rectified to DC
2. Direct current is inverted to high frequency ac
3. Alternating current is rectified to dc (Byrd, 1993).

The inverter supplies can be switched from constant current to constant
voltage for TIG welding, resulting in a very versatile piece of equipment. The
inverter-controlled power supplies are more stable and have faster response than
conventional silicon-controlled rectifier (SCR) power supplies. Figure 2.4
compares the response of an inverter-controlled arc welding machine and a

thyristor-controlled welding machine.

Starting Crarrent Waveform
Tlemistor Cortrol Ireverter Control

Starting Crarrent

(=) k)

Figure 2.4. (a) Inverter controlled source, and (b) Thyristor controlled source
(ASM, 2002)
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Li and Zhang (2001), developed robust control to achieve the controlled
detachment of the droplet, the welding current was switched from a peak level to a
background level to induce droplet oscillation. It is found that the dynamic model
of the process depends on welding operational parameters, which vary with
applications, and therefore it is unrealistic for operators to provide welding
machines these parameters as input.

Lothongkum, Viyanit and Bhandhubanyong (2001), studied the effects of
pulsed TIG welding parameters on delta-ferrite content, shape factor and bead
quality in orbital welding of AISI 316L stainless steel plate. They showed that
increasing nitrogen content in argon gas decreased the pulse current, and increasing

the welding speed decreased the weld width.
2.3.2. Torch

The welding torch holds the tungsten electrode that conducts the current to
the arc, and it provides a means of shielding the arc and molten metal. The major

components of a typical welding torch are shown in Figure 2.5.

T T

Coliet Electrode Cap

Caollet body

Nozzie

Handle —__

Figure 2.5. Key components of a TIG welding manual torch (ASM, 2002)

Nozzles are made of ceramic, metal, metal jacketed ceramic, fused quartz,
or other materials. Ceramic nozzles are the least expensive and most popular, but
are brittle and must be replaced often. Fused quartz nozzles are transparent and
allow better vision of the arc and electrode. However, contamination from metal
vapors from the weld can cause them to become opaque, and they are also brittle

(AWS, 1991).

11
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Welding torches rated at less than 200 A arc normally gas-cooled (that is
the shielding gas flows around the conductor cable, providing the necessary
cooling). Water cooled torches are used for continuous operation or at higher
welding currents and are common for mechanized or automatic welding. The
cooling water may be supplied to the torch from a recirculating tank that uses a
radiator or chiller to cool the water (Myers, 1992).

Zhang and Jiang (2002) developed a new GTA welding process that can
increase the weld penetration by using two torches on the opposite sides of the
workpiece and connecting them to the power supply in series. This modified
welding system achieved good joint penetration, controlled heat input and reduced

in the number of passes with the gas tungsten arc process.

2.3.3. Electrodes

The nanconsumable electrodes used in TIG welding are composed of
tungsten or alloys of tungsten. The most common electrode is a 2% ThO,-W alloy
(EWTh-2). This material has excellent operating characteristics and good stability.
Thoria is radioactive, so care must be taken when sharpening electrodes not to
inhale metal dust. The grindings are considered hazardous waste in some states,
and disposal may be subject to environmental regulations. Lanthaniated (EWLa-1)
tungsten electrodes have the best starting characteristics in that an arc can be
started and maintained at a lower voltage. Ceriated tungsten (EWCe-2) is only
slightly better than the thoriated tungsten with respect to arc starting and melt-off
rate. Any of the aforementioned electrodes produces acceptable welds. The easy
starting of the lanthaniated electrode is a result of the lower work function which
allows it to emit electrons readily at a lower voltage (AWS, 1991).

Pure tungsten is used primarily in arc welding and has the highest
consumption rate. Alloys of zirconium are also used. Tungsten electrodes are
classified on the basis of their chemical composition shown in Table 2.1.

Requirements for tungsten electrodes are given in ANSI/AWS AS5.12

Specification for tungsten and tungsten alloy electrodes for arc welding and cutting.

12
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The shape of the electrode tip can affect the resulting weld shape (Key, 1980).

Table 2.1. Classification of alloying elements in selected tungsten electrodes for
TIG welding applications (AWS, 1991)

AWS Alloying ) ) Alloying Oxide,
Classification Color Element Alloying Oxide wit%
EWP Green --

EWCe-2 Orange Cerium CeO, 2
EWLa-1 Black Lanthanum La,O, 1
EWTh-1 Yellow Thorium ThO, 1
EWTh-2 Red Thorium ThO, 2
EWZr-1 Brown Zirconium Z2ro, 0.25
EWG Gray Not specified

Tungsten electrode may have an end profile that is pointed or partly or
completely hemispherical. A pointed out end is ideal for welding in restricted
locations, and it enables the current density to be maintained at an extremely high
level.

The electrode taper angle is the angle that is ground on the end of the
tungsten electrode. Taper angles usually range from 30° to 120°. Smaller taper angles
tend to wear more quickly, especially when the tip of the electrode touches the
workpiece. In order to reduce number of times an electrode tip to be ground, a larger
taper angle is recommended. Higher current carrying capacity enables thoriated
tungsten electrodes to be tapered.

In TIG welding with Direct Current Electrode Negative polarity (DCEN),
the taper angle has a significant influence on:

» The voltage-current characteristics of the arc,
» The penetration characteristics and the width of the welding pool,
» The temperature distribution along the length of the electrode.

Once the arc is initiated, the torch is held with the electrode positioned at
angle of about 75° to the welding pool surface for manual feeding of filler metal
(Ataman, 2001). Whereas, the filler rod is usually held at angle of about 15° to the
surface of the work and slowly fed into the weld pool as shown in Figure 2.6 (AWS,

13
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1980).

Direction of
Wr!-_'||'_1i.1‘|g

Figure 2.6. Motion of filler metal and nozzle condition for a manual TIG welding

A slight inclination in the forehand position is necessary for good visibility.
Yet, an acute angle of filler metal can cause aspiration of air into the shielding gas
and thus contaminate the weld. The hot end of the filler metal should always be kept
in the protective atmosphere of the shielding gas. Besides, molten pool should be
kept as quite as possible to prevent vaporizing the deoxidizing elements.

Goodarzi, Choo, and Toguri (1997) studied mathematical models for the arc
and weld pool in TIG welding process and the effect of electrode tip angle on both
arc and weld pool. Also they investigated the gas shear stress on the weld pool,
anode current density, and heat flux. They showed that for temperatures less than
9730 °C, some modifications were necessary to take into account the absorption of
heat by the cooler parts of the arc. Also, it was found that by increasing the electrode
tip angle, the anode spot at the weld pool surface tended to be more localized. This

led to a higher maximum heat flux and anode current density.
2.3.3.1. Electrode Extension
Ordinarily, the distance of electrode extend beyond the orifice of the gas

nozzle should be equal to one or two times electrode diameters. However, the longer

the electrode extension, more danger there is of striking the work metal or filler rod

14
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and of contaminating the electrode. On the contrary, the farther the electrode is
extended, the greater must be the volume of gas flow to compensate for the greater

distance of the gas nozzle from the workpiece surface (Ataman, 2001).

2.3.4. Filler Metals

In many applications alloy steels with small thickness are welded by TIG
welding without filler metal. Selection of filler metal in TIG welding, generally,
presents fewer problems than in other arc welding processes. Usually, the choice of
the filler metal depends on the type of the base metal being welded. In TIG welding,
the filler metal is fed into the welding pool, not into the arc, which is an advantage
because it results in more efficient alloy transfer, thus enabling more accurate control
over the composition of the weld metal (Modenesi and et al., 2000).

In general, the chemical composition of the filler metal should be similar to
the base metal. Besides, the size of the filler metal has also effect on the weld quality.
However, if it is too small, it will melt rapidly forming a globule at its end. But on
the other hand, if it is too large, the filler metal may cause arc disturbance which will
give rise to oxide inclusions in the weld. As well as those, the filler metal and torch
must be moved smoothly in order to avoid exposure of the liquid weld metal, the hot
filler metal and the hot solidified weld bead to air. In manual welding, the filler metal
in the form of wire is continuously fed into groove by the operator.

At the same time, the wire surface must be free of all drawing lubricants and
oxides to ensure high quality welding with the correct composition filler metal.
Opened packages, dirty gloves, and greasy or dirty welding equipments are all poor
workshop practices which may contaminate the filler metal and result in defective
welds.

Modenesi and et al., (2000), presented the activated flux TIG welding
process for the austenitic stainless steels with fluxes of only one major component.
Their results indicated that even the very simple flux that was used can greatly
increase the penetration of the weld bead.

Lathabai, Jarvis and Barton (2001), developed a keyhole gas tungsten arc

15
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welding and compared it with a conventional gas tungsten arc welds in
commercially pure (CP) titanium. The process enabled single pass, out of chamber
welding of 12.7 mm thick CP titanium without excessive filler metal addition or
joint preparation.

Ames and Johnson (2003), developed fluxes to increase penetration when
used with the gas tungsten arc welding process. This study showed that the high
penetration gas tungsten arc welding flux composition could have a significant

influence on microstructure evolution in super duplex welds.

2.3.5. Wire Feed Systems

Wire feed systems are made from a number of components and vary from
simple to complex. The basic consists of a means of gripping the wire sufficiently
(especially in hot-wire TIG welding) to pull it from the spool and push it through the
guide tube to the point of welding. Electronic switches and controls are necessary for
the electric drive motor. The wire will be fed into the leading edge for cold wire

feeds into the trailing edge for hot wire feeds (AWS, 1991).

2.4. TIG welding Process Techniques and Variations

2.4.1. Manual Welding

Manual welding refers to the TIG welding process in which the welder
manipulates the welding torch by hand. If a motorized wire feeder is attached to the
torch, the process is classified as semiautomatic welding. Product generated by
skilled manual welders account for a large proportion of TIG welding applications.
The equipment can be quite inexpensive and properly trained welders can join a
wide variety of materials. Manual welding is used extensively in stainless steel

piping as well as for the root pass in carbon steel pipe welds.

16
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2.4.2. Mechanized Welding

It may require adjustment to welding parameters in response to visual
observation of the weld. Machine or mechanized welding requires some specialized
accessories. The basic system contains a means for holding and moving the
welding torch as well as the workpiece. Because arc voltage is as essential variable
in TIG welding and is proportional to the arc length, voltage feedback devices are

often used with motorized torch holders to control the arc length (AWS, 1991).

2.4.3. Narrow Groove Welding

Narrow groove welding makes use of the TIG cold wire welding process
with a narrowed weld joint. Figure 2.7 shows a typical weld. Narrow groove
welding is limited to mechanized welding applications where precise torch location

can be maintained (Pfaid, 1990).

Figure 2.7. Narrow groove weld product in mechanized welding applications
(Myers, 1992)

Zhang and Jiang (2002) developed double sided arc welding (DSAW)
method to improve the arc concentration for narrow groove welding. They also
developed to achieve deep narrow penetration under variations in welding
conditions. Their experiments verified that the developed system was capable of
achieving deep narrow penetration on a 12.7 mm thick square butt joint in a single

pass.

17
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2.4.4. Automatic Welding

It does not require manual parameter adjustment or observation of the
weld during the welding process. The most common application of automatic
welding is associated with orbiting weld heads used to weld pipe and tubing. The
devices attach to the workpieces and move around the circumference fusing the
metal. Most systems perform an autogenous weld, others have wire feed and
oscillation capabilities. These systems are often used in conjunction with a
computer to control the welding variables. Automatic controls utilizing
microprocessors and computer numerical control servo drives make it possible to
use one welding system to weld a variety of materials and shapes (Pfaid, 1990).

Kodama, Kawano and Iwabuchi (2001), developed TIG automatic welding
for use on the raised edges of tank corners, a type of component requiring high-level
welding skills. These welds were highly confined, and the joint shape changed in a
complex manner.

Li and Zhang (2001), proposed a modified active control of metal transfer in
which the droplet starts to oscillate by first moving toward the weld pool. They also
concluded that, the detaching pulse can be applied after a very short period of time
and combination of increased electromagnetic force and downward momentum is

guaranteed.

2.4.5. TIG Arc Spot Welding

Gas tungsten arc spot welding is often done manually with a pistol-like
holder that has a vented, water cooled gas nozzle, a tungsten electrode that is
concentrically positioned with respect to the gas nozzle, and a trigger switch for
controlling the operation as shown in Figure 2.8.

Gas tungsten arc spot welding electrode holders are also available for
automatic applications. The configuration of the nozzle is varied to fit the contour of
the weldment. Edge locating devices can be used to prevent variations in the distance

spot weld locations from the workpiece edge. The nozzle is often used to press
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against the workpiece to assure tight fit up of the faying surface. This technique also

controls the electrode-to-work distance.

Ay

TRIGGER

TORCH CABLE
/(& HOSES ——< SHIELDING
A GAS
1 1

® o °

CONTROLS
FOR TIMING

CURRENT FLOW, WELDING
SHIELDING GAS, POWER
COOLING WATER, SUPPLY

AND
HIGH FREQUENCY

TUNGSTEN ELECTRODE 2] —

SLOTTED GAS NOZZLE

WELD NUGGET

Figure 2.8. Manual tungsten inert gas spot welding (AWS, 1991)

TIG arc spot welding may be done with either AC or DCEN. Automatic
sequencing controls are generally used because of the relatively complex cycles
involved. The controls automatically establish the preweld gas and water flow, start
the arc, time the arc duration, and provide the required postweld gas and water flow.

Penetration is controlled by adjusting the current and the length of time it
flows. In some applications, multiple pulses of current are preferred to one long
sustained pulse. Variations in the shear strength, nugget diameter, and penetration of
the spot weld can be minimized with accurate timers, current monitors, and tungsten
electrodes that have precision ground tips. A melted spot on the bottom of the lower

workpiece is a positive indication of a good spot weld (AWS, 1991).
2.5. Main TIG Parameters Influencing Joints and Pool Geometry
Welding process variables have effects on the metallurgical changes of the

weld metal and the adjoining base plate. Energy input from the welding arc, preheats

and interpass temperatures, cooling rate, chemical composition and thermal
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properties of the plate and filler metal, joint design of the base metal influence the
mechanical, microstructural properties and pool geometry of the steels (Ataman,
2001).

The TIG welding process, which is the most flexible of all fusion welding
processes, is limited by the characteristics of the particular metal and joint efficiency
requirements. Basically, TIG weld quality is strongly characterized by the welding
parameters. This is because the process parameters play an important role on the
weld pool geometry and mechanical properties of the weld. As shown in Figure 2.9,

three main parameters group can be defined in TIG welding (Ericsson, 2002).
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Figure 2.9. Schematic diagram of the TIG process parameters (AWS, 1991)

The following basic variables, that mostly influence the weld pool
geometry, can be controlled from the start to the finish with an automatic TIG
process:

Welding current,
Welding voltage,
Welding speed,
Shielding gas flow rate,
Arc Length,

Polarity,

YV V. V V V V V

Joint design and production condition of base metal.
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2.5.1. Welding Current

Current is the most important variable in TIG since a change in current

affects the depth of penetration (pool geometry), welding speed, heat input,

deposition rate and quality of the welding.

-

Amps

Fundamentally, there are two choices of welding current. These are:

L.

ii.

Direct current: Direct current (DC) is an electrical current that flows
on one direction only. Most welding power sources are capable of
welding with direct current output. They accomplish this with internal
circuitry that changes or rectifies the AC into DC. In DC welding, the
welding current circuit may be hooked up as either electrode negative
(the nonstandard term is straight polarity) or electrode positive (the
nonstandard term is reverse polarity). Direct current is generally used
for carbon steels, copper and its alloys, stainless steels, nickel and its
alloys, titanium, zirconium and its alloys.

Alternating current (AC): The terms electrode positive (reverse
polarity) and electrode negative (straight polarity) which were applied
to the workpiece and electrode lose their significance. The current is
alternating or changing its direction of the flow at a predetermined set
frequency and with no control over time or independent amplitude.
During a complete cycle of alternating current shown in Figure 2.10,
there is theoretically one half cycle of electrode negative and one half

cycle of electrode positive (AWS, 1991).

-

«—— Amps

v | Time ks
One Complete Cycle of A.C.

DCEP DCEN

Figure 2.10. Alternating current cycle (AWS, 1991)
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Since the heat is evenly distributed at the two ends of the arc as
indicated in Figure 2.11, the depth of the penetration is less than that
obtained with DCEN, but more than that which would be obtained
with DCEP. The profile of the weld lies between by electrode negative
and wide, shallow type profile produced by electrode positive.
Alternating current is generally used for aluminum and its alloys,

magnesium and its alloys.

intermediate

Figure 2.11. Penetration with alternating current (AWS, 1991)

When TIG welding with alternating current is used, it is realized that
equal half cycle theory is not exactly true. There are two theories
accounting for this. One is the oxide coating on the non-ferrous metals
such as aluminum. The surface oxide acts as a rectifier, making it
difficult for electrons to flow from the workpiece to electrode, then
from the electrode to workpiece. The other theory is that molten, hot,
clean workpiece does not emit electrons as easily as hot tungsten. This
results in more current being allowed to flow from the hot tungsten to
the clean molten weld pool to the electrode. This is referred to as “arc
rectification”. The arc would be unstable and sometimes even go out.
To prevent this from happening, it is a common practice to introduce
into the welding current a high voltage, high frequency, low power,
additional current.

In addition to this, nonpulse or continuous current is the standard for TIG

welding. However, there are several advantages to using pulsed current:
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» Pulsing produces the maximum amount of penetration while
minimizing the total heat applied to the part.

» Pulsing also aids in timing the motion necessary in manual welding
and allows the weld pool to cool between pulses.

Lothongkum, Chaumbai and Bhandhubanyong (1999), investigated the
effect of pulse current in flat, vertical and overhead positions. The base and pulse
currents in all welding positions were adjusted to achieve a weld bead contour
corresponding to DIN 8563 class AS. In the vertical and overhead positions,
gravitational force made the weld pool fall down, leading to undercut after
solidification. With the appropriate welding parameters and pulsed current, the
gravitational effect was eliminated.

Lothongkum, Viyanit and Bhandhubanyong (1999), studied the effects of
pulsed TIG welding parameters on delta-ferrite content, shape factor and bead
quality in orbital welding of stainless steel plate. They have found out that increasing
welding speed caused an increase in pulse current and increasing nitrogen contents in
argon gas decreased the pulse current. It was also concluded that the delta-ferrite

content in the weld ranged from 6 to 10% by volume.

2.5.2. Welding Voltage

The voltage drop which is between the tip of the tungsten electrode and the
workpiece is influenced mainly by the type of welding current. As well as current,
the arc voltage is proportional to the arc gap length and shielding gas composition
(Ataman, 2001). Furthermore, a change in arc voltage will affect the heat input to a

lesser extent when working with low voltage values.

2.5.3. Arc Length

Although, in many practices it is stated that arc length should be equal to

about 1.5 times the electrode diameter, it can vary depending on the specific

applications and particularly on the operator’s preference.
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The studies made on the effect of arc length showed that the depth/width
ratio decreased with increasing arc length. Also, increasing the arc length would have
the following effects:

1. Reduction in the arc efficiency when using a constant current,
2. Increase in the arc voltage if the current is maintained constant.

In general, it can be stated that the greater the arc length, the higher is the
heat leakage to the surrounding atmosphere which results with inefficient welding.
Whereas the opposite is also true (Ataman, 2001).

Mills et al. (1990), found out that increasing the arc length resulted a
reduction in the arc efficiency when using a constant current and increase in the
voltage if the current is constant.

Li and Wu (1997), analyzed the transport phenomena in the interfacial
region between TIG arc length and weld pools. They introduced a three-dimensional
model for fluid flow and heat transfer in the interfacial region. This work laid the
foundation for developing a comprehensive model of the arc welding process where
a dynamic, two way coupling between the welding arc and the weld pool surface is
properly represented.

Patricio, F. and et al. (1999), analyzed the effect of welding parameters such
as welding current and welding speed on defect and humping formation of very
depressed weld pool at high welding speed and current. The conclusions obtained
permit to explain the shape of the process envelope for TIG welding observed in
experiments, and allow for the analysis of practical alternatives for its expansion.

Li and Zhang (2001), worked on improving the measurement accuracy of
arc length using the spectrum of arc light at a particular wavelength during gas
tungsten arc welding process with argon shield. They also studied the effect of
welding parameters on spectral distribution. Their results showed that spectral lines
of argon atoms were determined by arc length, independent of welding parameters

other than the current.
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2.5.4. Welding Speed

Arc penetration is usually inversely proportional to welding speed.
Experimentally optimized welding speed pattern thus minimizes distortions caused
by the thermal expansions and contractions during welding.

Alloys prone to thermal cracking cannot be welded at high welding speeds,
since the associated steep thermal gradients will contribute to crack formation. So
that, fairly low welding speeds are chosen to avoid this cracking problem. Low
welding speeds are often used in conjunction with preheating the base metal to
further reduce the possibility of thermal shock other than crack formation ability of
welding speed. The size of the molten weld pool geometry is also directly

influenced by the welding speed (Ataman, 2001).

2.5.4.1. Effect of Welding Speed and Welding Rate on Weld Pool
Shape

The velocity of the welding torch affects not only the rate of solidification,
but the shape of the weld pool and the propensity to develop centerline hot cracks.
The shape of the weld pool is dictated by the velocity, V, at which the welding
torch moves and by the rate at which heat can be removed at the solid-liquid
interface. To keep a constant shape, the rate of new melting must be exactly
balanced by the solidification rate. On the average, this solidification occurs normal
to the solid-liquid interface, because this is the direction of the maximum
temperature gradient and, thus, the direction of the maximum heat removal shown

in Figure 2.12 (Savage, 1980).
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o
= —===-
Locus of the solidus

Figure 2.12. A moving weld pool showing the relationship between velocity of
travel of welding torch, V, and the rate of solidification, R (Savage, 1980)

Simple geometry requires that for the weld pool shape to remain constant,

the solidification rate, R, must be related to the torch velocity by;

R=Vcos¢g (2.1)

where ¢ is the angle between the normal to the solid-liquid interface and
the direction of motion of the torch. At the back of the weld pool, where
¢ =0,R=V.If this were not so, then the weld pool would be elongating or
shortening. At the side of the weld pool, where ¢=90°, R =0. If this were not

case, then the weld pool would be decreasing in diameter. With a constant weld
pool shape, solidification at the side of the weld pool occurs as the region adjacent
to where ¢ =90" sweeps by, rather than by the motion normal to the weld pool
velocity.

Equation (2.1) predicts that R will vary around the weld pool. As shown in
Figure 2.13, planar solidification is to be expected at the sides of the weld pool,

with the extent of the nonplanar solidification increasing towards the center of weld

pool (Matsuda, 1969).
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Figure 2.13. Variations of microstructures in response to variation solidification
rate around the TIG welded joints (Matsuda, 1969)

The ability of the solid-liquid interface to move at a velocity, V, depends
on two factors: maximum solidification rate: Which is a function of the
crystallographic orientation of the solid at the point in question, and the ability of
the temperature gradient in the solid to remove the heat and establish the
appropriate temperature for solidification to proceed (Matsuda, 1969).

The planar growth of grains oriented with the direction normal to the
solid-liquid interface is favored. This is shown in Figure 2.13. Grains with the
preferred orientation will grow at the expense of adjacent. Because dendrites
follow the same preferred growth directions, those with the proper orientation will
be favored. The requirement for a constant weld pool size becomes somewhat more
complex when the effect of crystallographic orientation is considered (Savage,
1980).

The equation (2.1) can be modified to become:

R =V cosg/cos(¢ — @) (2.2)

where R is the growth rate in the preferred direction required to maintain
a constant weld pool shape and ¢ is the angle between R and V, and (¢ —¢) is

the angle between the local preferred growth direction R, which is normal to the

solid-liquid interface. Figure 2.14 shows the situation at successive points of the
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weld pool as it moves in the direction of V (ASM, 2002).

A=R"coslg" — &)

Figure 2.14. Movement of a curved solid-liquid interface for several grains (A and
B), and the change in the rapid growth direction relative to the interface position in
TIG welding (Savage, 1980)

The weld pool assumed to be elliptical in shape, so that at any point

(except at the very back of the weld pool where ¢ = 0) as the pool moves, the angle

between R and V changes. If an adjacent grain becomes oriented such that R’
becomes normal to the solid liquid interface (ASM, 2002).

Competitive growth causes grains to try to rotate into the direction of V.
Figure 2.15(a) shows how grains rotate in an elliptical weld pool. Dendrites will
also try to rotate into the R direction, although the grains or dendrites do not
actually rotate.

The second factor is to consider is the ability to extract heat at the solid-
liquid interface. Heat is extracted by the temperature gradient of the solid. This
gradient is a minimum at the back of the weld pool, where the temperature of the
solid is the highest (ASM, 2002). Unfortunately, this is exactly where the

solidification rate must be a maximum to keep up with V. The temperature gradient
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is a maximum at the side of the weld pool, where the least heat extraction is
required, because here R =0. As long as the maximum possible solidification rate,

R is equal to or greater than V, the weld pool can maintain an elliptical shape.

max ?

If V is decreased above R then the solidification rate at the back of the weld

pool can not keep up, and the weld pool elongates. Increasing V decreases the heat
input, which shrinks the weld pool volume (ASM, 2002). With the weld elongating,
this means that the diameter must decrease as the pool elongates. This causes the

weld to take on a tear-drop shape, as shown in Figure 2.15(b).

Welding direction

(a)
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(c)

Figure 2.15. Effects of heat input and welding speed variations on weld pool
geometry and microstructure. (a) Low heat input and low welding speed producing
an elliptical weld pool. (b) Medium heat input and medium welding speed
producing a tear-drop shaped welding pool. (¢) High heat input and high welding
speed producing heterogeneous nucleation at weld pool centerline (ASM, 2002)

The angle at the back of the weld pool will decrease until ¢

critical 1S

reached. @, 1S given by:

Bercar = €08 (R /V) (2.3)

max
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Rmax 1s controlled by the thermal conductivity of the solid, the geometry of
the part being welded, and the preferred direction growth rate. When there is a shift

to a tear-drop weld pool, the grain (or dendrite) rotation is limited to ¢, When

ritical *
this situation is attained (Figure 2.15(b)), the grains will all grow together at the
center of the weld pool. Figure 2.15(b) typifies what is to be expected from a pure
material or one with a low solute content.

When R is increased, not only does the weld pool become tear-drop
shaped, but the nature of the structure changes. If R is large enough, equiaxed
grains can develop from heterogeneous nucleation in the supercooled centerline
material as shown in Figure 2.15(c). Such behavior has indeed been observed in
aluminum alloys (ASM, 2002).

Norman, Drazhner and Pragnell (1999), studied the effect of TIG welding
parameters on the solidification microstructure of autogenous TIG welds in an Al-
Cu-Mg-Mn alloy. They observed the finest microstructure at the centre of the weld
and was attributed to the higher cooling rates at the weld centre of the weld also

increased producing a reduction in the scale of the dendrite secondary arm spacing.

2.5.5. Polarity

2.5.5.1. Direct Current Electrode Negative (DCEN)

In direct current electrode negative polarity (sometimes called as straight
polarity), the work would be connected to the positive terminal. In the other words,
as shown in Figure 2.16(a), the electrons are flowing from the electrode to the work,
concentrating heat at the joint. The electrons carry up to 70 percent of the heat
energy in the arc to part. The workpiece tends to melt rapidly since it receives the
greater part of the heat. The positive ions are directed toward the negative electrode;
the positive electrode experiences only 30 percent of the heat effects. No cleaning
action for the removal of oxides from the metal is present with DCEN. With DCEN,
higher current may be used on the tungsten electrodes of same size. The increased

current density will yield deeper penetration, permits higher speeds, and form a
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narrow, deep bead. The narrow bead is due to the small electrode used, while the
increased penetration is due to the heat being carried by electrons .The narrower bead
also results in a narrower heat affected zone surrounding the weld. Because there are
fewer contraction stresses, less trouble with hot cracking of some metals is
encountered. The DCEN type of operating current is preferred for welding metals
that do not have a refractory oxide such as aluminum or magnesium (Hicken and

Jackson, 1966).

2.5.5.2. Direct Current Electrode Positive (DCEP)

It (also called as reverse polarity) is literally the reverse of DCEN. The
torch is connected to the positive terminal on the welding of power source and
workpiece is connected to negative terminal as shown in Figure 2.16(b). In DCEP
welding, the tungsten electrode acquires extra heat because the electrons are flowing

toward it instead of work (ASM, 2002).

DCEN DCEP
{straight (reverse
polarity) polarity)
Small tungsten Large tungsten
electrode electrode
- [ Cathode v Anode
|
Welding Welding
power power
SOUrce source
n _
L J
lans Electrans lans
(+) (- [+]
Flow Flow Flow
@ RTINS
Anaode - Cathade -
Current flow Current flow
conventional (a) (b} conventional
{base metal
cleaning}

Figure 2.16. Effect of polarity on TIG weld configuration.(a) DCEN, (b) DCEP
(Hicken and Jackson, 1966)

31



2. PREVIOUS STUDIES Ugur ESME

Heat tends to melt the tip of electrode. Because of this excess heating of the
electrode, a much larger size electrode is required for DCEP than DCEN. Electrodes
size limits welding to relatively low current values. Larger diameter electrodes are
undesirable because they tend to spread the arc over too large area, cut down the
welder’s visibility, and increase the instability of the arc. With DCEP the work stays
comparatively cool and shallow penetration results. An important characteristic of
DCEP welding is oxide cleaning ability. Electrode positive is not generally
recommended for TIG because of excess heat it puts into the tungsten. However, it is
present during the electrode positive half cycle of ac arc welding. The disadvantage
of this polarity is that due to magnetic forces the arc will sometimes wander from
side to side when making the fillet weld when two pieces of the metal are at a close
angle to one another.

Because, most heat is generated at the anode in the TIG welding process,
DCEP is used for welding certain thin sections. Low melting point materials when
DCEN would be likely to cause excessive penetration or burn-through.

Besides, DCEN produces a deep and narrow penetration in the base metal.
Contrary to DCEN, DCEP results in more heat in the electrode than in the
workpiece. Therefore, larger diameter electrodes are necessary with DCEP. The

effect of polarity on weld pool shape is shown in Figure 2.17 (ASM, 1988).

—

Direct current electrode positive
Shallow penetration, wide bead

Alternating current
Medium penetration and bead width

Direct eurrent electrode negative
Deep penetration, narrow bead

Figure 2.17. Effect of polarity on weld pool geometry (ASM, 1988)
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2.5.6. Shielding Gases

The shielding gas used in a welding process has a significant influence on
the overall performance of the welding system. Its primary function is to protect
the molten metal from atmospheric nitrogen and oxygen as the weld pool is being
formed. The shielding gas also promotes a stable arc and uniform metal transfer
(Ataman, 2001).

Also, density of the shielding gas has an important influence on the
efficiency of shielding the arc and the weld pool against the ambient atmosphere.
The values indicating relative density of the shielding gas with regard to air are of
primary importance. Argon and carbon dioxide are gases having by far the highest
density and therefore, form an efficient gas shielding around the arc. However, the
densities of hydrogen and helium are 10-20 times less than that of argon and thus,
are prone to turbulent flow at the exit from the blowpipe nozzle due to thermal
buoyancy (ASM, 2002).

The shielding gas interacts with the base material and with the filler
material, if any, to produce the basic strength, toughness and corrosion resistance
of the weld. It can also affect the weld bead shape and the penetration pattern.

Understanding the basic properties of a shielding gas will aid in the
selection of the right shielding gas or gases for a welding application. Use of the
best gas blend will improve the equality and may reduce the overall cost of the
welding operation as well.

Mohandas and et al. (1999), investigated the effect of welding process
shielding gas and the addition of grain refining elements on the weld zone tensile
properties of a ferritic stainless steel conforming to AISI 430. They found that, the
tensile ductility of gas tungsten arc welds was also on an average marginally
greater than that of shielded metal arc welds. The addition of titanium and copper

led to improved strength over that of the base alloy.
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2.5.6.1. Basic Properties of a Shielding Gas

The controlled electrical discharge known as the welding arc is formed and
sustained by the establishment of a conductive medium called the arc plasma. This
plasma consists of ionized gas, molten metals, slags, vapors, and gaseous atoms
and molecules. The formation and structure of the arc plasma is dependent on the
properties of the shielding gases used for welding. Basic properties of a shielding

gas consist of (Larson and Meredith, 1990):

1. The ionization potential: is the energy expressed in
electron volts necessary to remove an electron form a gas
atom.

2. The thermal conductivity: is a measure of how well it is
able to conduct heat. It influences the radial heat loss
from the center to the periphery of the arc column as well
as heat transfer between the plasma and liquid metal.

3. Dissociation and Recombination: shielding gases such
as carbon dioxide, hydrogen and oxygen are multiatom
molecules. When heated to high temperatures within the
arc plasma, these gases break down, or dissociate into
their component atoms. They are then at least partially
ionized, producing free electrons and current flow.

4. Reactivity/Oxidation potential: the oxidizing nature of
the shielding gas affects both welding performance and
properties of the resultant weld deposit. Argon and
helium are completely nonreactive, or inert, and thus have
no direct chemical affect on the weld metal. Addition of
reactive gases such as oxygen or carbon dioxide enhances
the stability of the arc and affects the type of metal
transfer obtained.

5. The Surface tension: it is between the molten metal and
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its surrounding atmosphere (shielding gas) has a
pronounced influence on weld pool geometry. If the
surface energy is high, a convex, irregular bead will
result. Low values promote flatter beads with minimal
susceptibility for undercutting.

6. Gas Purity: Most materials can be welded using a
welding grade torch gas with a purity of 99.995% or 50
ppm impurities. However, some reactive materials, such
as titanium, molybdenum, and tantalum, require that the
contaminant level be less than 50 ppm, which may
require certified purity or the use of gas filters and
purifiers (Krysrak and Bhaniha, 1990).

7. Gas Density: is the weight of the per unit volume.
Density is the one of the chief factors that influences
shielding gas effectiveness. Basically, gases heavier than
air, such as argon and carbon dioxide, require lower flow
rates in use than do the lighter gases, such as helium, to

ensure adequate protection of the weld puddle.

2.5.6.2. Shielding Gas Selection for TIG

2.5.6.2.1. Argon

The most commonly used gas for TIG welding, argon exhibits low thermal
conductivity, which produces a narrow, constricted arc column; this allows greater
variations in arc length with minimal influence on arc power or weld bead shape.
Its low ionization potential provides good arc starting characteristics and good arc
stability using the direct current electrode negative (DCEN) power connection plus
superior arc cleaning action and bead appearance when ac power is used. Argon is
the most commonly selected gas for DCEN welding of most materials and ac

manual welding of aluminum (AWS, 1991).
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2.5.6.2.2. Helium

The high thermal conductivity and ionization potential of helium make it
suitable for the high current joining of heavy sections of heat-conductive materials
such as aluminum. Helium increases the penetration of the weld as well as its

width. It also allows the use of higher weld travel speed.

2.5.6.2.3. Argon-Helium Blend

Blends of argon-helium are selected to increase the heat input to the base
material while maintaining favorable arc stability and superior arc starting

characteristics. Blends of 25, 50, and 75% He in argon are commonly used.

2.5.6.2.4. Argon-Hydrogen Blend

Hydrogen is added to argon to enhance its thermal properties. The slightly
reducing atmosphere improves weld puddle wetting and reduces some surface
oxides to produce a cleaner weld surface. The addition of hydrogen also
significantly increases the volume of molten material in the weld pool due to the
higher thermal conductivity of argon—hydrogen mixtures at temperatures at which
molecules of hydrogen dissociate. To minimize problems associated with arc
starting, additions of hydrogen are generally limited to 5 to 15%. These blends are
primarily used to join some stainless steels, nickel and nickel alloys. These
mixtures should not be used to join alloy steels; delayed weld cracking may result.
Argon/2-5H; is used in manual welding applications on materials thicker than 1.6
mm. Additions of 10 to 15 H; are used in mechanized applications, such as these
found in the manufacture of stainless steel tubing (AWS, 1991).

Mee, Meelker and Schelde (1999), investigated the control of hydrogen
level in duplex stainless steel weldments. They made the welds under varying
conditions to evaluate the weld susceptibility to hydrogen-induced cracking. The

heat input was varied by using different travel speeds. They have found that,
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hydrogen in the weld metal appeared to be more dependent on welding procedure
rather than moisture content of the shielding gases. Also, they measured the lower
hydrogen levels at the higher heat inputs due to a longer time the weld metal was in
delta ferrite phase, giving the hydrogen time to diffuse.

Tusek and Suban (2000), analyzed the effect of hydrogen in argon as a
shielding gas in arc welding of austenitic stainless steel. The studies showed that
hydrogen addition to argon changes the static characteristic of the welding arc. The
hydrogen addition to argon increases arc power and, consequently, the quantity of
the material melted. In TIG welding a 10% addition of hydrogen to argon increases
the quantity of the parent metal melted by four times. The hydrogen addition
increases thermal and melting efficiencies of the welding arc too. The process
stability in TIG welding in the mixture of hydrogen and argon is very good.

Suban, Tusek and Uran (2001), used hydrogen as a combustible or
shielding gas in welding. They determined that, hydrogen addition to argon and/or
helium in TIG welding process increased the process efficiency.

Durgutlu (2004), studied the effect of hydrogen in argon as shielding gas
for tungsten inert gas welding of 316L austenitic stainless steel. He examined the
microstructure, penetration and mechanical properties of the welded joints. It was
concluded in his study that, the highest tensile strength was obtained from the
sample which was welded under shielding gas of 1.5%H,+Ar. Also, mean grain
size in the weld metal increased with increasing hydrogen content. Additionally,
weld metal penetration depth and its width increased with increasing hydrogen
content.

Anderson and Wiktorowicz (1999), reported that the depth of penetration
in TIG welding can be significantly increased by using an activated flux. Also, it is
widely acknowledged that joint completion rates can be increased by using argon-

helium or argon-hydrogen shielding gas mixtures.
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2.5.6.3. Gas Flow Structure

Shielding gas is used to displace reactive gases in the atmosphere from the
vicinity of the weld. Inert gases, as explained above, are preferred for the TIG
welding process, because they minimize unwanted gas-metal reactions with the
workpieces. A uniform laminar flow of gas from the gas cup would be ideal and, in
fact, is usually achieved as long as there is no welding arc. However, the arc
discharge rapidly heats the gas in the arc column, and thermal expansion causes
plasma jets. The lower temperature near the cathode tip in Figure 2.18 is an

indication of a jet pumping in cooler gas (Jackson, 1980 and Glickstein, 1985).
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Figure 2.18. TIG welding arc column temperature distribution relative to anode
distance and arc position (Jackson, 1980)

This becomes an important factor at high currents, because these jets can
depress the surface of the weld pool and alter heat transfer to it. The rapid gas
expansion can cause the flow to deviate from laminar and, in extreme cases, the
flow can become turbulent (Key, 1980). Turbulence tends to mix atmospheric
contaminants into the arc, often where they can do the most harm: at the surface of

the molten weld pool (Key, 1982).
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Figure 2.19 shows examples of laminar and turbulent gas flow around the
nozzle of TIG welding. Laminar flow occurs where the fringes are generally

straight and parallel.

75 A 12 scfh Ar 150 & 12 scfh Ar

Figure 2.19. Effect of commercial nozzle gas cup geometry on shielding flow
characteristics (Smart, 1986)

Turbulent flow is indicated by very wavy or circular fringes. Increasing
current tends to make the laminar region somewhat broader and thicker, effectively
increasing the area shielded from atmospheric contamination.

Figures 2.20 and 2.21 show gas cup shapes for improved gas flow. Figure
2.20 shows that a converging cone would be a very poor choice for the TIG
welding process, as indicated by very small area of laminar flow and extreme

turbulence in the surrounding region.
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Cresigned gas cup

"

150 A& 12 scth Ar

N
Figure 2.20. Effect of converging cup geometry on shielding flow characteristics
(Smart, 1986)

Designed gas cup

300 & 12 scth Ar

Figure 2.21. Effect of venture gas cup geometry on shielding flow characteristics
(Smart, 1986)
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2.5.7. Joint Design and Production Condition of Base Metal

Due to the variety of base metals and their individual characteristics (such
as surface tension, flowability, melting temperature, etc.), joint geometries or
designs that provide optimum welding processes should be selected for TIG
welding. Factors affecting the joint design include metal thickness, weld
penetration and joint efficiency requirements along with the metals' characteristics.

The required exactness of joint preparation also depends upon whether the
TIG welding process is to be carried by manually or automatic means. Due to its
tolerance to greater irregularities in joint fit up, manual TIG welding process is less
sensitive to narrow joint preparation tolerances than automatic TIG welding.

Moreover, beveling is generally not required for butt joints less than 3.2
mm; whereas base metals higher than this thickness should be beveled to form V-,
J- or U-groove in order to minimize erratic penetration that causes crevices and
voids (AWS, 1980).

Initially, this is the most widely used joint design for thin plates when
complete joint penetration is required from one side only. It also provides the most
economical welding, because minimum filler metal, preparation and set up time are
required. There are three variables of this joint design; root opening (B), thickness
of root face (C) and angle of bevel (A) as shown in Figure 2.22. The amount of root
opening and thickness of the root face depend upon whether the TIG welding
process is to be manual or automatic, filler metal is to be added during the root pass
and a backing is going to be employed. The amount of bevel angle and thickness of
root face depends on the thickness of the metal and the clearance needed for arc
movement to assure adequate fusion on both sides of the joint (Ataman, 2001).

Generally, bevel angles of 60° to 90°, root face thickness of 2.4 mm or less
and root opening of 1.6 mm or less are mainly used for materials having thickness of

3.2 to 12.7 mm (AWS, 1980).
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Figure 2.22. Schematic diagram for a single V-groove butt joint
(Ataman, 2001)

Since TIG welding process is quite susceptible to contamination during
welding, the workpiece must be carefully cleaned. Contaminants such as grease, oil,
markings, paints, dirt, oxides, and fingerprints have to be removed from the welding
surface area. Basically, ordinary degreasing is sufficient to remove contaminants
except oxides. However, grinding or abrasive blasting is necessary for removing
tenacious oxides. Finally, a minimum area of cleaning should exceed 15 mm from
the joint on each side (AWS, 1980).

Teng and Lin (1998), studied on the effect of weld and joint design
conditions on residual stresses due to butt welds. In this work, they predicted the
residual stresses during one-pass arc welding in a steel plate using ANSYS finite
element techniques. They showed the residual stresses distribution in a butt weld,
the middle weld bead was in tension and the magnitude of this stress equals the
yield stress. The ends of the weld were in compression. The peak transverse residual
stresses in the central region decreased with an increasing specimen length. Also,
the magnitude of the residual stresses with a restrained joint was larger than that
estimated with an unrestrained joint.

Birch and Alves (2000), established the experimental work to examine the
simple dynamic failure of the joints in thin sheet materials that are used extensively
in vehicle construction. They made a comparison with similar bolted type joints.

Lebacq and et al. (2002), presented a methodology for the selection of
joining in design, implemented in software. The method captures important

coupling between the process options, material, joint type and design detail, using
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databases assembled by discussion with experts on mechanical fastening, welding
and adhesives. The approach first eliminates solutions that are not technically
feasible, with reasons, and then ranks the remaining solutions on the basis of the

degree of agreement with the set of design requirements.

2.6. Arc Physics of TIG Weld Pool

The TIG process is performed using a welding arc between a
nonconsumable tungsten-base electrode and the workpieces to be joined. The
physics of TIG arc fundamental to all arc processes and are more straightforward,
because the complications of materials transferred through and interacting with the
arc can be avoided. Geometrically, the arc discharge in TIG is between a rod-
shaped tungsten electrode and a planar shaped electrode, that is, the workpiece.

Analysis of the arc discharge is separated into electrode regions and the
arc column. The electrode regions are confined to very small distances from the
electrode surfaces, have very high electrical and thermal fields, and have much
higher current density, because of the contraction of the arc to a small spot. As a
result, electrode regions for both the cathode and the anode are difficult to analyze
by diagnostic measurement and theoretical computation. This situation must be
remedied for a through understanding of the process, because the process parameter
controls the arc discharge at the cathode, with the anode serving as the connection
to ground. The arc column, on the other hand, is relatively easy to analyze, but is
important primarily as a means to deduce arc characteristics at the electrodes (Key,
1982).

Wendelstorf and et al. (1996), studied on the survey modeling of the TIG
and plasma arc welding. They modeled the arc column using finite element
modeling. Their results showed a good agreement with the actual results.

Fenggui and et al. (2004), established integral mathematic model of fluid
flow and heat transfer of TIG arc and weld pool. They used finite element model
analysis and ANSYS software to analyze the behaviour of welding arc and weld

pool including welding arc temperature field, current density distribution, fluid
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flow in weld pool and effects of a few forces on weld pool shape. They proved

calculated results by experiments.
2.6.1. Electrode Regions

The cathode and anode are similar in several respects. Both exhibit a
voltage drop caused by a space charge that covers a very thin region over their
surfaces, and the arc is significantly contracted on the surface. Figure 2.23 shows
that the total arc voltage is partitioned between the electrode drops and arc column.
The relative magnitude of these drops depends on welding parameters and
electrode material.

4 Anode fall valtage

~ |
1 o

At column
voltage ] voitage
l r ‘ —

Cathode
-+ Arc length ————— fall
voltage
Anode Cathode
surface surface

Figure 2.23. Arc voltage versus Arc length distribution between electrodes (Key,
1982)

The arc discharge requires a flow of electrons from the cathode through
the arc column to the anode, regardless of polarity or whether ac or dc is used.
There are two cases of electron discharge at the cathode (Lancaster, 1988):

1. Thermionic emission

2. Nonthermionic emission
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2.6.1.1. Thermionic Emission

Thermionic emission results from joule heating (resistance) of the cathode
by the imposed welding current until the electron energy at the cathode tip exceeds
the work function (energy required to strip off an electron). This ease applies to the
general case DCEN, where the tungsten electrode is the emitter, or cathode. Pure
tungsten electrodes have to be heated to their melting point to achieve thermionic
emission. Once molten, the equilibrium tip shape becomes a hemisphere and a
stable arc results from uniform emission over this surface. Thoria (ThO,), zirconia
(Zr Oy), or ceria (CeOy) are added to pure tungsten in amounts up to 2.2 wt% ThO,,
0.4wt% Zr O, and 3.0 wt% CeO, to lower the work function, which results in
thermionic emission at lower temperatures and avoids melting the cathode tip.
These electrodes typically have a ground conical tip, and thermionic emission is
localized to a cathode spot. Thermionic emission creates a cloud of electrons,
called a space charge, around the cathode. If a second electrode at a higher
potential is nearby, then the electrons will flow to it, thus establishing the arc

(Lancaster, 1988).

2.6.1.2. Nonthermionic (Field) Emission

It creates an electron discharge with a very high electric field, typically
exceeding 10° V/m. This intense electric field literally pulls electrons out of a
relatively cold or unheated cathode. This would not appear to be applicable to
welding until one considers that for reverse polarity or DCEP, a condensation of
positive ions from the arc column can build up in a very thin layer over the cathode
surface creating a very high localized electric field even though the cathode voltage
drop may only amount to several volts.

An oxide layer, which is always present on the cathode surface in an actual
weld, facilitates this discharge with a source of lower work function electrons.
When the oxide layer is very thin, emission occurs via a tunneling mechanism

through the film to an emitting site. Thicker oxide films exhibit locally conducting
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spots at the end of filamentary channels through the oxide.

The cathode cleaning action, which is one of the principal reasons to use
DCEP or ac, results from stripping away the oxide film at the emitting sites by very
small and intense jets of metal vapor and debris. It becomes obvious that a practical
implication of the short lifetime of these cathode spots is a generally unstable arc
that is due to the necessity of continual movement of the cathode spot to undepleted
regions or oxide film. Arc instability is undesirable and DCEP or ac is only used
when cathodic cleaning or the minimizing the heat input to the workpiece is a

higher priority than optimizing weld bead shape and location (Lancaster, 1988).

2.6.2. Arc Initiation Methods

2.6.2.1. Scratch or Touch Start

With the power supply energized, and the shielding gas flowing from the
cup, the torch is lowered toward the workpiece until the tungsten electrode makes
contact with the workpiece. The torch is quickly withdrawn a short distance to
establish the arc.

The advantage of this method of arc initiation is its simplicity of operation
for both manual and machine welding. The disadvantage of touch starting is
tendency for the electrode stick to the workpiece, causing electrode contamination

and transfer of tungsten to the workpiece (Key, 1982).

2.6.2.2. High-Frequency Start

It can be used with DC or AC power sources for both manual and
automatic applications. High-frequency generators usually have a spark-gap

oscillator that superimposes a high-voltage ac output at radio frequencies in series

with the welding circuit. The circuit is shown in Figure 2.24.
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Figure 2.24. High frequency arc starting (Key, 1982)

Applications of a high voltage pulse between the tungsten electrode and the

work will ionize the shielding gas and establish the welding arc. This method is

generally used with DC power supplies in machine welding operations.

2.6.2.4. Pilot Arc Start

Pilot arc starting may be used with dc welding power sources. The pilot arc

is maintained between the electrode and the torch nozzle. The pilot arc supplies the

ionized gas required to establish the main welding arc as shown in Figure 2.25.
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Figure 2.25. Pilot arc starting circuit used for TIG arc spot welding (Key, 1982)
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2.6.3. Effect of Cathode Tip Shape on Arc Path

When the arc is used in a weld groove, the relative shapes of the cathode
tip and anode groove become more important. The arc discharge from the cathode
will seek a path to ground with the lowest electrical resistance. For a stable arc
properly centered in the groove (i.e. a root passes), the shortest path to ground
should be between the cathode tip and the bottom of the groove, as shown in Figure

2.26 (Lancaster, 1988).

(a)

(c)

Figure 2.26. Effect of cathode tip geometry on the arc path length. (a) 75° V-
groove, (b) 40° U-groove, (¢) 10° narrow groove (Lancaster, 1988)

This will require the cathode vertex angle to be somewhat less than
included angle of the groove and/or a sufficiently wide groove to ensure that the
shortest path to ground is from the cathode tip to the groove bottom and not from
the electrode shoulder to the groove wall, as the case would be with a 90° electrode

in a 10° narrow groove. Welding in a groove places a higher priority on arc
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stability and location than on maximum penetration (Smart, 1986).
2.6.4. Arc Column

The electron discharge between the electrodes partially ionizes the
shielding gas in its path, thus making the arc column a conductor, or plasma.
Overall, the arc column is neutral and is composed of electrons, positive gas and
possibly metal ions, and neutral gas atoms.

Fundamental measurements of arc properties are most easily made in the
arc column, although the actual effect of these properties on the electrode region of
an actual weld must still be inferred. Nevertheless, it is useful to understand
fundamentals of the arc that relate essential welding variables (current, voltage,
electrode gap, and electrode shape) to arc temperature, current density distribution
and gas flow structure at the anode surface.

Shielding gas composition has a rather strong effect on arc column
temperature distribution and arc voltage. Figure 2.27 shows how shielding gas

affects arc voltage (ASM, 2002).
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Figure 2.27. Effect of gas composition on arc voltage and current (Smart, 1986)
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The curves would all be displaced downward for shorter arc lengths, but
relative positions would be maintained. To understand these phenomena, arc
temperature distribution for a variety of shielding gases and mixtures, electrode
shapes, currents, arc voltage (electrode gap), and anode materials have been
measured in order to clarify welding arc fundamentals (Lancaster, 1988).

Li and Wu (1997), introduced a three dimensional model for fluid flow and
heat transfer in the interfacial region between the TIG arc plasma weld pool. The
predicted current density and heat flux distributions in welding arcs were compared
with experimental measurements taken from the literatures. The validity of the
model was verified through TIG welding experiments.

Wu, Ushio and Tanaka (1997), developed a mathematical model to predict
the velocity, temperature, and current density distributions in argon welding arcs.
Also, comprehensive model of the TIG welding process, where a dynamic two-way
coupling between the welding arc and the weld pool surface was represented.

Wu, Ushio and Tanaka (1999), analyzed the behavior of the TIG welding
arc. They prepared the set of conservation equations for mass, momentum, energy,
current and a mathematical model has been developed to predict the velocity,
temperature, and current density distributions in argon welding arcs. They also
obtained close agreement for the current and heat flux density with literature.

Wu and Gao (2002), developed the correlation of the heat flux distribution
at the anode of a TIG welding arc. They analyzed the heat transfer contributions to
the anode heat flux in TIG by using the models of TIG welding arc and the anode
boundary layer. The results showed that, the energy carried by the electrons

constituted most of the heat on the anode surface.

2.7. Energy and Heat in Arc Welding Processes

Welding and Joining processes are essential for the development of
virtually every manufactured product. However, these processes often appear to

consume greater fractions of the product cost and to create more of the production

difficulties than might be expected. There are a number of reasons that explain this
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situation:

e First, welding and joining are multifaceted both in terms of process
variations (such as fastening, adhesive bonding, soldering, brazing, arc
welding, diffusion bonding, and resistance welding) and in the
disciplines needed for problem solving (such as mechanics, materials
science, physics, chemistry, and -electronics). An engineer with
unusually broad and deep training is required to bring these disciplines
together and to apply them effectively to a variety of processes.

e Second, welding or joining difficulties usually occur far into the
manufacturing process, where the relative value of scrapped parts is
high.

e Third, a very large percentage of product failures occur at joints
because they are usually located at the highest stress points of an
assembly and are therefore the weakest parts of that assembly. Careful
attention to the joining processes can produce great rewards in

manufacturing economy and product reliability (ASM, 2002).

One distinguishing feature of all fusion welding processes is the intensify of
the heat source used to melt the liquid. Virtually every concentrated heat source has
been applied to the welding process. However, many of the characteristics of each
type of heat source are determined by its intensity, For example, when considering a
planar heat source diffusing into a very thick slab, the surface temperature will be a
function of both the surface power density and the time. Figure 2.28 shows how this
temperature will vary on steel with power densities that range from 400 to 8000
W/cm?. At the lower value, it takes 2 min to melt the surface. If that heat source were
a point on the flat surface, then the heat flow would be divergent and might not melt
the steel. Rather, the solid metal would be able to conduct away the heat as fast as it
was being introduced. It is generally found that heat-source power densities of
approximately 1000 W/cm? air necessary to melt most metals (Eagar, 1986a).

At the other end of the power density spectrum, heat intensities of 10° or 10’

W/em? will vaporize most metals within a few microseconds. At levels above these
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values, all of the solid that interacts with the heat source will be vaporized, and no
fusion welding can occur. Thus, the heat sources for all fusion welding processes
should have power densities between approximately 0.001 and 1 MW/cm®.
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Figure 2.28. Temperature distribution after specific heating time in a thick steel plate
(Eagar, 1986a)

The fact that power density is inversely related to the interaction time of the
heat source on the material is evident in Figure 2.29. Because, this represents a

transient heat conduction problem.
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Figure 2.29. Spectrum of heat intensities used for fusion welding (Eagar, 1986a)
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2.7.1. Heat Flow in Fusion Welding

During fusion welding, the thermal cycles produced by the moving heat
source cause physical stale changes, metallurgical phase transformation, and
transient thermal stress and metal movement. After welding is completed, the
finished product may contain physical discontinuities that are due to excessively
rapid solidification, or adverse micro-structures that are due to inappropriate cooling,
or residual stress and distortion that are due to the existence of incompatible plastic
strains. In order to analyze these problems, an analysis of welding heat flow must be
presented focusing on the heat flow in the fusion welding process.

The welding heat source moves at a constant speed along a straight path. The
end result, after either initiating or terminating the heat source, is the formation of a
transient thermal state in the weldment. At some point after heat source initiation but
before termination, the temperature distribution is stationary, or in thermal
equilibrium, with respect to the moving coordinates. A physical model of the welding

system is shown in Figure 2.30 (Chon and Tso, 1986).
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Figure 2.30. Schematic of the heat flow in fusion welding (Chon and Tso, 1986)

The origin of the moving coordinates coincides with the center of the heat
source. The intense welding heat melts the metal and forms a molten pool. Some of
the heat is conducted into the base metal and some is lost from either the arc column

or the metal surface to the environment surrounding the plate. Three metallurgical
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zones are formed in the plate upon completion of the thermal cycle: the weld metal
(WM) zone, the heat affected zone (HAZ), and the base metal zone (BM). The peak
temperature and the subsequent cooling rates determine the HAZ structures, whereas
the thermal gradients, the solidification rates, and the cooling rates at the liquid-solid
pool boundary determine the solidification structure of the WM zone. The size and
flow direction of the pool determines the amount of dilution and weld penetration.
The material response in the temperature range near melting temperatures is
primarily responsible for the metallurgical changes.

Two thermal states, quasi-stationary and transient, are associated with the
welding process. The transient thermal response occurs during the source initiation
and termination stages of welding, the latter of which is of greater metallurgical
interest. Hot cracking usually begins in the transient zone, because of the
nonequilibrium solidification of the base material. A crack that forms in the source
initiation stage may propagate along the weld if the solidification strains sufficiently
multiply in the wake of the welding heat source. During source termination, the weld
pool solidifies several times faster than the weld metal in the quasi-stationary state.
Cracks usually appear in the in the weld crater and may propagate along the weld.
Another dominant transient phenomenon occurs when a short repair weld is made to
a weldment. Rapid cooling results in a brittle HAZ structure and either causes
cracking problems or creates a site for fatigue crack initiation (Chon and Tso, 1986).

The quasi-stationary thermal state represents a steady thermal response of
the weldment in respect to the moving heat source. The majority of the thermal
expansion and shrinkage in the base material occurs during the quasi-stationary
thermal cycles. Residual stress and weld distortion are the thermal stress and strain
that remain in the weldment after completion of the thermal cycle.

Zhu and Chao (2002), investigated the effect of temperature dependent
material property on the transient temperature, residual stress and distortion and
distortion in computational simulation of welding process. Results showed that the
thermal conductivity has certain effect on the distribution of transient temperature
fields during the welding; the yield stress and Young’s Modulus have significant and

small effects, respectively, on the residual stress and distortion after welding.
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2.7.2. Heat Input in TIG

The heat input rate is one of the most important variables in fusion
welding, since it governs heating rate, cooling rate and weld pool size. The
metallurgical feature that is directly affected by heat input rate is the grain size in
the heat affected zone and in the weld metal. Grains in the solidifying weld metal
grow coherently with grains in the solid metal at the fusion boundary. So that, the
longer the time spent above the grain coarsening temperature of the alloy, the
coarser is the structure in the heat affected zone and in the weld metal. In the case of
steels various properties, particularly notch toughness, deteriorate as the grain size
increases (Tsai, 1980).

Besides, heat input usually varies directly with increasing section thickness
and inversely with increasing preheat temperature. As the thickness of the parts to be
welded increases, the extra material adjacent to the weld bead acts as a heat sink
making the weld cool more rapidly. The influence of plate thickness on thermal
behavior of the plate can be summarized as:

e Cooling rate of HAZ increases with increasing plate thickness.
e Time at the elevated temperature and the width of the HAZ decreases
as the plate thickness increases.

Generally speaking, the higher the heat input rate, the lower is the cooling
rate and the larger is the weld pool. There is an inverse relationship between weld
pool size and cooling rate. For example, as we increase the current, cooling rate
decreases with the welding speed kept constant.

Welding process parameters (for example current and voltage) control the
arc discharge at the cathode. Although the electron flow enters the anode spot and
constitutes 85% of the energy going into the weld pool, thus making current density
the single most important welding parameter that determines weld pool shape, events
at the anode can only be controlled indirectly by controlling the cathode.

Current density and heat input measurements at the anode have been made
to better understand how process parameter that are largely controlling events at the

cathode will, in turn, influence the shape and melting rate of the weld pool. The
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relative contributions of heat transfer to the workpiece in terms of the TIG welding

process are shown in Figure 2.31.
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Figure 2.31. Relative heat transfer contributions with TIG welding. (a) Contribution
of individual parameters to anode heat input. (b) Heat output at cathode (workpiece)
relative to weld pool heat loss (AWS, 1976)

It is possible to make weld pool of any size, simply by increasing the heat
input rate. However, this will make the weld pool difficult to control as it
becomes larger, and the grain size may become undesirably large. In steel
welding it is therefore necessary to seek a heat input rate for the optimum
combination of grain size and cooling rate (Lancaster, 1993).

The size of heat input in arc welding depends mainly on the current, arc
voltage and the welding speed (Henry and Claussen, 1998).

In general, heat input (kJ/mm) to the base material is calculated as (ASM,

1988):

H=_C (2.4)
1000V

where E is the voltage, I is the current and V is the welding speed. The

heat input given as above is the nominal heat input as arc efficiency is not
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considered in the calculation. As shown in Figure 2.32, only part of the total arc
energy available is transferred to the weldment. So that, only part of the energy
which enters the weldment is used to melt the weld bead; whereas the remainder
heats up the base metal and forms the heat affected zone. In general, the heat
actually transferred to the workpiece, in units of kJ/mm, is defined as the net heat

input, Hy:

F EIl
y= (2.5)
1000V

where F; is the heat transfer efficiency. The value of F; is generally
between 0.7 and 1.0 for most of the arc welding processes. TIG welding which is the
least efficient process has an efficiency of 0.7 (ASM, 1988).
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Figure 2.32. Energy Distribution at the Welding Arc Where E; = Total Energy
Input/Unit Length; E; = Total Energy Entering Plate; E,, = Energy to Melt Weld
Bead; E; = E; + Losses (Niles, 1975)

Zhu and Chao (2002), investigated the effect of temperature-dependent
material property on the transient temperature, residual stress and distortion in
computational simulation of welding. They used thermocouples placed near the weld
path center line and measured the transient temperature and residual stresses. They
have determined that, the thermal conductivity has certain effect on the distribution
of transient temperature fields, and the yield stress and Young’s modulus have

significant and small effects, respectively, on the residual stress and distortion after
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welding.

Atkins and et al. (2002), compared the welding processes for the weldability
testing of steels. They concluded that the minimum preheats for avoiding weld
deposit hydrogen-induced cracking depends on the welding process used.

Arenas and Acoff (2002), analyzed postweld heat treated (PWHT) structures
of gamma titanium aluminides by optical microscopy and X-ray diffraction

techniques. They found that PWHT promotes the formation of the y phase. This
microstructural change resulted in the reduction of the fusion zone microhardness
mainly due to the reduction of the hard, brittle «, phase.

Eroglu, Aksoy and Orhan (1999), investigated the effects of coarse grain
size with varying heat inputs on microstructure and mechanical properties of weld
metal heat affected zone. They observed that, the coarse initial grain size had a great
influence on the microstructure, hardness and toughness of HAZ of a low carbon
steel. Taking into consideration the plate thickness, a higher heat input should be
used with respect to the maximum toughness of the HAZ in the welding of grain
coarsened low carbon steels.

Zhang and Zhang (1999), developed a new TIG welding process that can
increase the weld penetration by using two torches on the opposite sides of the
workpiece and connecting them to the power supply in series. The welding current
flowed from the power supply to a torch, then through the work more or less
normally, tehn to another torch and finally returned to the power supply. Such a
current flow concentrated the arcs and improved the weld penetration.

Graville (1973), studied on the properties of welded joints and possibility of
cracking after welding. He found that possibility of cracking increased as the cooling
rate increased. Also, according to him, the hardness in the HAZ of the weld metal
would increase as the thickness increased (at least for those steels in which hardness
varies with cooling rate. This includes, C, C-Mn and low alloy steels).

Flintham (1949), mentioned that excessively high preheat temperatures, in
excess of 250 °C, would cause low values of yield strength and ultimate strength in
low alloy steels.

Gayley and Willis (1944), commented on the beneficial value of
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preheating and stated that the ductility and impact resistance of weld metal
increased with increasing interpass temperature.
Cook and Rothchild (1954), also found an increase in ductility increase in

ductility and a decrease in yield strength with increasing interpass temperature.
2.7.3. Effect of Cooling Rate on TIG Welded Joints

The cooling rate of the weld fusion zone should be known due to below
facts (Lothongkum and et al., 2001):
e To avoid a martensitic transformation or possible cold cracking,
e To establish a relationship for cooling rates of wrought steel,
e To identify any rate sensitive metallurgical reaction occurring in the
weld and HAZ,

e To prevent excessive grain coarsening in the HAZ.

Typically, weld metal cooling rate decreases rapidly as welds cool to room
temperature. Therefore, weld cooling rate is usually measured experimentally as the
slope of the cooling curve (temperature versus time) at a particular temperature of
interest. Temperatures of interest that are used frequently for the estimation of
cooling rate of steel are between 550°C and 700°C (Stout, 1987).

In his investigation, Adams (1958) has shown that the cooling rate, S, at the
weld centerline of a thin plate workpiece, which requires less than four passes for

full penetration, is given by the formula below;
t
§ = 27KpC () (T, =T, (2.6)

where T; is the temperature of interest, K is the thermal conductivity of
steel, p is density of steel, C is a generalized constant and t is the plate thickness.

This equation applies to two dimensional heat flow situations.

It is known that rapid cooling of weld metal results in a loss of ductility. In
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some instances, the tensile and yield strength are not appreciably affected by the
cooling rate, but the elongation and reduction in area markedly decrease. The heat is
absorbed by brine; water, oil, air, etc in heat treatment applications; whereas in
welding the major portion of the heat is absorbed by the steel adjacent to the weld
before it is radiated into the air. In welding, after the weld melt has passed by, the
rate of cooling is governed by the contact with adjacent steel rather than by
immersion in air. In the section on the solid weld, it was found by Henry et al. (1998)
that as it was moved away from the weld melt, the base metal got cooler. That is to
say, the temperature felt; heat was being absorbed from the hot regions near the weld
by the cold regions farther away.

The weld metal and the heat affected base metal may receive, from the
surrounding cold base metal, a quench that ranges from that of relatively slow air
cooling to fast water quenching. Therefore, the weld metal and the heat affected base
metal may contain soft and almost fully hardened structure or mixture of soft and
hard structures (Stout, 1987).

Practices has shown that the cooling rates in the zones heated above the
critical temperature during welding may be high enough to cause undercooling of
austenite below 500°C and to form martensite. Martensite is favored by the large size
of austenite grains in the zone adjacent to the weld melt, that has been heated about
the melting point. All in all, the rate, at which the different regions of a weld, cool
through the temperature range from the critical temperatures to below 500°C, varies
with plate thickness, welding process and other variables.

As a result, it can be stated that the cooling rate depends mainly on three
variables, the rate of heat input, the base metal temperature before welding and the
section thickness and geometry. High heat inputs and preheating favor slow cooling,
while heavy sections encourage fast cooling (Stout, 1987).

Wu (2000), examined the influence of vibration frequency on solidification
of the weldments. It was found that gas inclusions, dross and slag were brought to
the surface by process. This produced uniform, fine grained castings, and increased
the toughness, ultimate tensile strength and yield strength of the cast material. This

finer structure can provide better mechanical properties and eliminate hot cracking
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sensitivity of the weld.

Poorhaydari, B.K. and et al. (2005) presented an innovative method for
estimating the actual cooling rate in a TIG welded section. The method was based on
applying a weighting factor to the Rosenthal analytical solutions for thick and thin
plates. Their method can be used to obtain a weighted peak temperature profile and

to calibrate the shape and size of the profile.

2.8. Multipass TIG Welding

TIG welding is one of the most important metal joining process widely used
in industry, especially used in the fabrication of pressure vessels with stainless steels
and other components. In most of the applications, the plates are welded using
multipass welding methods. In a multipass welding operation, the residual stress
pattern developed in the material changes with each weld pass. The temperature
distribution that occurs during multipass welding affects the material microstructure,
hardness, mechanical properties, weld pool geometry and the residual stresses that
will be present in the material after cooling to room temperature (Murugan and
Kumar, 1998). Because of this adverse effect of heat around the weld, the
temperature must be as low as possible to narrow the HAZ when welding stainless
steels.

Teng, Chang and Tseng (2003), analyzed the effect of welding sequences on
residual stresses of multi pass but welded plates and circular path. They concluded
that an extremely large tensile stresses occurs near the weld bead and a compressive
stress appears away from the weld bead. Also, more free space should be available
for expansion and shrinkage in the welding structure during the welding procedure to
prevent the rigid restraint in the weld bead, and to decrease the residual stresses.

Murugan and et all (2001), have measured the temperature distribution and
residual stresses during Manual Metal Arc welding. They determined that, the
residual stresses are distributed in a larger region around the weld line of stainless
steel weld pads as compared to the region over which the residual stress is distributed

in low carbon steel weld pads, after the first pass. Also, the temperature range
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between 275 and 700 °C (at the middle plane of the weld pad) is important with
respect to formation of residual stresses in both stainless and low carbon steel weld

pads.

2.8.1. HAZ in Multipass TIG Welding

In the HAZ of a single-pass weld, the grain coarsened zone (GC HAZ) is
normally the region having the lowest toughness. Turning to a multipass weld,
Figure 2.33 shows how grain coarsened heat affected zone can be modified by
subsequent passes and can be categorized into four regions, depending on the
reheating temperature (Haze and Aihara, 1988):

* Subcritically reheated grain-coarsened (SCGC) zone,
* Intercritically reheated grain-coarsened (ICGC) zone,
* Supercritically reheated grain-refined (SCGR) zone,
* Unaltered grain-coarsened (UAGC) zone,

SCGC

ICGC

SCGR

\_A =
X X UAGC

(a) (b)

Figure 2.33. Schematic showing the different subzones that can form in the coarse-
grained region of the HAZ in a multipass weld. (a) Position of subzones relative to
base metal (BM) and weld metal (WM). (b) Plot of thermal cycles. (c)
Microstructure at the different the different zones (Hazet and Aihara, 1988)

The multipass welding procedure can alternatively be controlled to limit the
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size of the local brittle zones (LBZ) Figure 2.34 shows how this can be done with a
high current gas tungsten arc welding procedure by adjusting the distance between

the arcs (Onoe and Tanaka, 1979).

First bead Second bead

| CGR

Third bead

Figure 2.34. HAZ isotherms and the size and location of the coarse grained region
(CGR) in a multipass weld (Onoe and Tanaka, 1979)

Special “temper-head” procedures have been developed for controlling the
HAZ, and a need for these procedures arises in the following way. Low alloy steel
weldments for critical applications require a postweld heat treatment (PWHT) in a
furnace. This is done to temper the hard regions in the HAZ and to relieve residual
stresses. If repairs become necessary on site after the component has been in service,
PWHT is usually not feasible. The heat of the arc can then be used to achieve the
tempering function of PWHT by suitable spatial positioning and sequencing of the
individual passes. Grain refinement in the HAZ is also sought to increase the
toughness and thereby offset the harmful effects of residual stresses that would
remain in the absence of PWHT (Harrison and Hart, 1990).

An example of a two layer temper bead procedure is shown in Figure 2.35.
The heat inputs of the first and second layer are carefully controlled, so that the heat
from the second layer is used to refine the coarse grained region in the HAZ of the

base metal due to the first layer (Alberry, 1989).
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[ | weld metal

Coarse-grained region
1 Fine-grained region

| Intercritical region

First layer

Base plate

Figure 2.35. Two layer repair procedure (a) HAZ of a single weld bead, (b) First
layer causes coarse grained regions to form in the HAZ of the base metal (right
portion). Deposition of the second layer refines initial coarse grained regions (left
portion) (International Institute of Welding, 1988)

This idea can be extended one step further by using a pulsed gas tungsten
arc welding procedure whereby a given pulse in a pulsed weldment can be used to
successively refine and temper preceding pulse pitch regions. The degree of
microstructural refinement depends primarily on the welding speed and pulsing
frequency, and these parameters can be controlled with great precision (Alberry,
1989).

Grossbeck and et al. (1998), developed techniques for welding V-Cr-Ti
alloys. It was speculated that the resultant grain boundary precipitation resulting
from heat treating a weld with higher levels of impurities than experienced in this
study might limit its usefulness. Therefore, atmospheric purity remains an essential
factor in GTA welding of vanadium alloys.

Grossbeck, King and Hoelzer (2000), studied the impurity effects on gas
tungsten arc welds in V-Cr-Ti alloys. They observed that a major source of hydrogen
was dissociation of water vapor by the electric arc of the welding torch.

Shankar and Wu (2001), investigated the experimental work on fatigue
crack behavior of welded 5083-H321 aluminum alloy plates. They employed the
three dimensional finite element analysis for cracks in the weld line. The results

indicate that weld repair of cracks in welded joints provides little improvement in
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residual life.
Arenas and Acoff (2001), analyzed postweld heat treated (PWHT) structures
of gamma titanium aluminides by optical microscopy and X-ray diffraction

techniques. It was found that PWHT promotes the formation of the y phase. This
microstructural change resulted in the reduction of the fusion zone microhardness
mainly due to the reduction of the hard, brittle , phase.

Singh and et al. (2003), carried out fatigue life evaluations on gas tungsten
arc welded (TIG) load-carrying cruciform joints of AISI 304L stainless steel with
lack of penetration (LOP) using conventional S-N and crack initiation-propagation
(I-P) methods. The predicted lives were compared with the experimental values.
They found that the fatigue lives of the joints with LOP=2 mm for 6 mm thickness
plate were relatively higher than those for the joints with other LOP sizes. Also, they
compared with BS 5400 design curve.

2.8.2. Fusion Zone in Multipass TIG Welding

In the weld metal of a multipass weld, reheating effects will lead to a
gradient in microstructure similar to the case of the HAZ. However, instead of a
detailed classification, as shown in Figure 2.36, the multipass weld metal is usually

considered to consist of just two regions (International Institute of Welding, 1988):

e As deposited or primary region: where the microstructure develops as
the weld cools from the liquid phase to ambient temperature.

e Recheated or secondary region: where regions with the original
primary microstructure are reheated to temperatures above the A,
temperature. The tempered regions which are reheated to slightly
lower temperatures are also generally considered to belong to this

category.
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Fusion boundary

Figure 2.36. Primary and reaustenized regions in the weld metal region of a
multipass weld (International Institute of Welding, 1988)

The properties of the weld metal depend on the relative area or volume
fractions of the two regions, which in turn depend on the welding procedure, so the
properties are procedure specific.

It has been known that solidification cracking can be avoided in austenitic
stainless steel (especially 3XX series) welds by having a small concentration of
ferrite in them. Recent work has shown, however, that residual ferrite content at
room temperature is more than a symptom and that is really the solidification mode
(whether the weld metal solidifies as primary austenite or ferrite) that is deciding
criterion. Brooks and et al (1999), found that susceptibility to solidification cracking
is least for a primary ferrite solidification mode, when the solidification mode
corresponds to the types shown in Figure 2.37.

It is believed that low melting point liquid phases solidifying in the

intercellular regions do not wet the 6 — y interphase boundaries as easily as they
would 6 —o or y —y boundaries. In the ferritic austenitic solidification mode, the
o0 — y interphase boundary area is greater at temperatures just below the nominal

solidus temperature, and this is the reason for a greater resistance to solidification

cracking (Siewert, 1988).
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Figure 2.37. Solidification and transformation behavior of TIG welding of austenitic
stainless steels (Siewert, 1988)

Timofeev and et al. (1999), studied on the fracture toughness of austenitic
welded joints. It was shown that the generalized dependence for austenitic stainless
steels cannot be based on the linear mechanics criteria. The fracture toughness
temperature dependence was given for austenitic steels and their welds were
constructed using the criteria of nonlinear fracture mechanics (Jjc and Jr curves).

Brooks and Garrison (1999), studied the weld microstructure development
and properties of precipitation-strengthened martensitic stainless steels PH 13-8 Mo,
Custom 450 and 15-5 PH. During further solidification and cooling almost complete
homogenization occurred as a result of solid state diffusion. The welds in all three
alloys exhibited good resistance to solidification cracking and generally exhibited
tensile and impact properties similar to those of the base metal. Also, they examined
the cracking behavior and mechanical properties in terms of microstructural
evolution. However, in almost all cases, the weld charpy impact energies were
somewhat less than those of the base metal.

Eroglu and et al. (1999), investigated the effects of coarse initial grain size

with varying heat inputs on microstructure and mechanical properties of weld metal
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and heat-affected zone (HAZ). They observed that the coarse initial grain size had a
great influence on the microstructure, hardness and toughness of HAZ of a low
carbon steel. Thus, taking into consideration the plate thickness, a higher heat input
should be used with respect to the maximum toughness of the HAZ in the welding of
grain-coarsened low carbon steels.

Benedetti and et al. (2000), studied the effect of gas tungsten arc welding on
the microstructure and electrochemical corrosion of Al-Zn-Mg-Fe alloys submitted
to different heat treatments using optical microscopy and corrosion potential
measurements in chloride solutions. The electrochemical techniques were very
sensitive to the change in the phase composition produced by welding. Welding
caused a decrease in the mean grain size, in the hardness and in the corrosion
resistance of the age-hardened alloys.

Yuri and et al. (2000), studied on effect of welding structure and o -ferrite
on fatigue properties for TIG welded austenitic stainless steels at cryogenic
temperatures. It was found in this study, fatigue crack initiation sites of SUS304L

weld metals were usually at blowholes with a diameter of 200-700 zzm, and those of

SUS316L weld metals were at weld pass interface boundaries created during
welding. Also, microvoids, which were undetectable by conventional inspection
procedures, caused reduced fatigue resistance.

Dye, Hunziker and Reed (2001), carried out numerical analysis in order to
predict the processing conditions necessary to cause the occurrence of interdendritic
microporosity, constitutional liquation and solidification cracking. Although the
models developed were of general applicability, their behavior was examined
particularly with respect to the tungsten inert gas welding of the nickel-based
superalloy IN718. They also presented weldability maps, on which the conditions for
successful processing were identified.

Wahab and Sakano (2001), studied on the corrosion fatique behavior of
welded steel structures. They observed that, fatigue crack propagation in the
corrosive medium is strongly influenced by weld-geometry parameter (weld-toe
undercut) which played a significant role in reducing the fatigue life and fatigue

strength of butt-welded structures, and accelerated the time to propagate to failure. it
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has been also found that the threshold stress intensity factor of butt-welded structures
attains a much lower value in corrosive environment than in air environment and its
effect needs to be included in fatigue assessment.

Munitz and et al. (2001), investigated the microstructure and defect
formation by optical and scanning electron microscopy. It was found that, after
resolidification, a continuous Al;;Mg;7 phase existed along the partially melted zone
grain boundaries that markedly reduced the joint strength to below that of fully
annealed Mg-AZ91D alloys. In contrast, specimens machined from welded metal
exhibited improved strength and ductility that resulted from the microstructural
refinement caused by the rapid cooling during resolidification of the fusion zone.

Saito and et al. (2002), investigated neutron irradiation effects on the
mechanical properties of 316L SS welded joints. The results of post irradiation
experiments indicated that sufficient ductility was still maintained for tungsten inert
gas (TIG) and electron beam (EB) welded joints; whereas, the impact properties of
metal inert gas (MAG) weld metal are extremely poor. Consequently, the soundness
of the 316L SS base metal and its TIG and EB welded joints are retained after 0.2—
0.5 dpa neutron irradiation.

Owen and et al. (2003), used synchrotron X-ray diffraction methods to
provide non-destructive information about the residual stress field in TIG welded
2024 Al alloy. It was found in their study that the magnitudes of the tensile
longitudinal stresses decrease along the plate due to progressive heating up of the
plate ahead of the arc during welding, so that steady-state conditions are not

achieved.

2.9. Molten Weld Pool Phenomena during Welding

Molten weld pools are dynamic. Liquid in the weld pool is acted on by
several strong forces, which can result in high-velocity fluid motion. The four
primary driving forces in GTA weld pools are:

e Marangoni forces

e Surface tension gradients
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e Electromagnetic or Lorentz forces

e Buoyancy forces

e Aerodynamic drag forces
caused by passage of the arc over the weld pool surface. Marangoni forces are
dominant at lower currents (under 200 A) where the weld pool presents recirculating
flows. In this regime, electromagnetic forces increase with the welding current; they
are not negligible at currents close to 200 A, and could possibly dominate the flows
at higher currents. The arc pressure and gas shear act over the free surface affecting
the properties of the weld pool. These forces increase with the welding current;
therefore they could potentially be the dominant forces at high currents. Because of
the difficulty of studying the weld pool in the high productivity regime, there has
been no agreement in the past about which is actually the dominant force (Sacks and
Bohnart 2005).

Fluid flow velocities exceeding 1 m/s have been observed in gas tungsten
arc (GTA) welds under ordinary welding conditions, and higher velocities have been
measured in submerged arc welds. Fluid flow is important because it affects weld
pool shape and is related to the formation of a variety of weld defects. Moving liquid
transports heat and often dominates heat transport in the weld pool. Because heat
transport by mass flow depends on the direction and speed of fluid motion, weld pool
shape can differ dramatically from that predicted by conductive heat flow.
Temperature gradients are also altered by fluid flow, which can affect weld
microstructure. A number of defects in TIG welds have been attributed to fluid flow
or changes in fluid flow, including lack of penetration top bead roughness, humped
beads, finger penetration, and undercutting (Kou, 1987).

Most experimental and theoretical work on weld pool fluid flow and its
effects have been directed toward TIG welding. The motivation for much of this
work was the observation of dramatically different weld pool shapes for TIG welds
made using identical welding parameters on different heats of the same material with
the same nominal composition. An extreme example of weld shape variability is
shown in Figure 2.38. Early observations of variable weld shape (often referred to as

variable penetration) were not only an intellectual puzzle but also growing practical
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problem. Gas tungsten arc welding is commonly used for high-precision, high-
quality automated welding applications, where reproducibility of weld shape or

penetration is critical (Christensen, 1965).

{a)

Figure 2.38. Partial penetration TIG welds made under the same welding condition
on two heats of type 304L. (a) 3 ppm S,d/w= 0.2.(b) 160 ppm S, d/w= 0.40 (9X)
(Christensen, 1965)

The possibility that fluid flow in the weld pool could alter weld shape has
been recognized for many years. In 1965 Christensen et al proposed that convection
is partially responsible for deviations in weld pool shapes from those predicted by
conduction solutions.

Zhang, Kovacevic and Li (1995), proposed a polar coordinate model to
characterize the weld pool geometrically. They proposed a neural network to identify
the parameters in real time. Then, a real time system was developed to sense and
process the image and identifies the polar coordinate model. They showed that, the
weld penetration can be accurately determined using the model parameters.

Li and Wu (1997), introduced a three-dimensional model for fluid flow and
heat transfer in the interfacial region between the TIG arc plasma and weld pool.
They compared the predicted current density and heat flux with experimental
measurements taken from literatures. The computed current densities, heat flux and
arc pressure at the anode were taken as inputs to the calculation of weld pool
behavior.

Jones and et al. (1996), studied the dynamic behavior of gas metal arc
welding process. Also, they studied the detailed description of the droplet
formation and fluid behavior in the weld pool. It was concluded that, fluid motion

both within the drop and the weld pool had a significant effect on the quality of the
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weld produced.

Hellinga, and et al. (1997), modeled arc TIG weld pool dynamics under
static (steady state) conditions to provide a relationship between the controllable
process parameter values and the characteristic weld geometry parameters. The non-
linearity of the model was demonstrated, and the gain, damping and natural
frequency were estimated.

Kim and Na (1998), investigated the heat transfer, fluid flow and phase
change of the weld pool in pulsed current gas tungsten arc welding. The numerical
model for pulsed current welding was applied to AISI 304 stainless ateel and
compared with the results of the constant current.

Zhang and Kovacevic (1998), developed a closed loop system to control the
weld fusion, which is specified by top-side and back-side bead widths of the weld
pool. A neurofuzzy model was used to model nonlinear dynamic process. Based on
the dynamic fuzzy model, a predictive control system was developed to control the
welding process.

Hong, Weckman and Strong (1998), studied on the influence of
thermofluids phenomena in gas tungsten arc welds in high and low thermal
conductivity metals. They used comprehensive numerical model of stationary GTA
welding which includes a K — & turbulence model successfully to predict the weld
pool size and shape of GTA welds produced in AISI 304 stainless steel plates with
three different sulphur contents as well as 6061 and 1100 aluminum plates.
Comparisons between the predicted results from the laminar flow model and the
turbulent flow model indicated that the level of turbulence in the AISI 304 stainless
steel weld pools may not be intense; however, its influence on the final weld pool
size and shape was significant.

Urena, Escelara and Gil (2000), described the influence of interface
reactions on fracture mechanisms in TIG arc-welded aluminum matrix composites.
They deduced that the proportion of interfacial failure increases in the weld material
because of the formation of Al4Cs;, which reduces the strength of the
matrix/reinforcement interface, limiting the number of cracked particles.

Mendez and Eagar (2000), estimated the characteristics properties of the
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weld pool during high productivity arc welding. They described a new methodology
for studying complex engineering problems. This method enables one to
systematically solve problems that are very challenging with either dimensional
analysis or analysis of differential equations alone.

Hong and et al. (2000), developed vision based GTA weld pool sensing and
control system using neurofuzzy logic control. Relatively clear weld pool images
captured using LaserStrobe technique.

Zhao and et al. (2001), investigated the technical characteristics of pulsed
TIG welding with wire filler metal and developed intelligent control for the shape of
the weld pool in pulsed TIG welding. Also, they designed a double-variable, self
adaptive fuzzy controller for controlling the shape of the weld pool.

Fan, Tsai and Na (2001), analyzed the fluid flow driven by a combination of
electromagnetic force, buoyancy force, arc drag force, and surface tension gradient
for a partially or fully penetrated weld pool in stationary gas tungsten arc welding.
Surface tension on the top and the bottom free surfaces of the weld pool is found to
play a critical role in determining the flow pattern in the weld pool. They compared
the calculated GTA weld bead geometry with the experimental results.

Saeed, Lou and Zhang (2002), presented a novel computation method of the
3D weld pool surface from specular reflection of laser beams in TIG welding
process. A mathematical and simulation model were developed implementing the
technique. The developed model was tested on objects with a priori knowledge of
geometry having specular surface to test the effectiveness of the measurement
technique. They monitored the free weld pool surface for studying and controlling
the welding process. However, due to the strong arc and the mirror-like surface,

limited achievement has been made by them.

2.10. Weld Modeling and Control

With the increasing demands for high quality welds, the need to eliminate

the human operator from the feedback path for correction of the welding process has

become evident. Of the several manufacturing technologies, welding alone has
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defied true automation. Even with excellent controllers for the several controllable
variables such as voltage, current, and travel speed, the human operator still provides
the only commercially-viable feedback loop. Recent research in intelligent, closed-
loop, automatic control of the welding process is making steps in eliminating the
human operator from the feedback loop while providing high quality consistent
welds. However, it is still necessary to have the human operator monitor the weld in
progress and make corrections to compensate for minor variations in joint fit-up,
plate thickness, variations in thermal conditions, or one or more of several of the
uncontrollable variables. A review of some of the more noteworthy intelligent
control techniques for automated welding follows. This is by no means an exhaustive
review of artificial neural network applications for intelligent weld control.
Furthermore, other equally capable intelligent control schemes using fuzzy logic,
neurofuzzy models, and rule-based expert systems have been successfully applied to
intelligent weld control (George and et al., 2001).

Maropoulos and et al. (2000), developed an integrated design and planning
for welding. They discussed the definition and implementation of
CAPABLE/Welding, a newly developed aggregate process planning system for
supporting early design assessment of complex fabrications. The use of relevant
design rules to generate weld features is discussed in this paper using as an example
the design procedure for a complex fabrication. They have developed, two methods,
i.e. manual input and information abstraction for the aggregate product modeling
procedure. The manual input method was suitable for the gradual addition of design
information to the product model during the design process.

Luo and et al. (2002), developed vision based neurofuzzy logic control of
weld pool sensing system for weld pool sensing and control. They used laser strobe
technique on top of the high shutter speed camera. Laser strobe technique provided
clear image capturing of weld pool geometry.

Wu and et al. (2003), developed a camera system with a composite light
filter to form a visions sensing system of low cost. They provided that, the measured
results were useful for developing a welding process control system and verifying the

mathematical models of weld pool behaviors.
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Zhao and et al. (2004), developed a three dimensional numerical model to
investigate the dynamic characteristics of the weld pool geometry when the welding
current and welding speed undergo a step-change. They conducted the welding
experiments in order to compare the three dimensional numerical model with the

predicted numerical model.

2.10.1. Welding and Bonding

Most welding processes require the application of heat or pressure, or both,
to produce a bond between the parts being joined. The welding control system must
include means for controlling the applied heat, pressure, and filler material, if used,
to achieve the desired weld microstructure and mechanical properties. Welding
usually involves the application or development of localized heat near the intended
joint. Welding processes that use an electric arc are the most widely used in the
industry. Other externally applied heat sources of importance include electron beams,
lasers, and exothermic reactions (oxyfuel gas and thermit). For fusion welding
processes, a high energy density heat source is normally applied to the prepared
edges or surfaces of the members to be joined and is moved along the path of the
intended joint. The power and energy density of the heat source must be sufficient to

accomplish local melting (George and et al., 2001).

2.10.2. Control System Requirements

Insight into the control system requirements of the different welding
processes can be obtained by consideration of the power density of the heat source,
interaction time of the heat source on the material, and effective spot size of the heat
source.

A heat source power density of approximately 10° W/cm? is required to melt
most metals (Eagar, 1986b). Below this power density the solid metal can be
expected to conduct away the heat as fast as it is being introduced. On the other

hand, a heat source power density of 10° or 107 or will cause vaporization of most
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metals within a few microseconds, so for higher power densities no fusion welding
can occur. Thus, it can be concluded that the heat sources for all fusion welding
processes lie between approximately 10° and 10° W/cm? heat intensity. Examples of
welding processes that are characteristic of the low end of this range include
oxyacetylene welding, electroslag welding, and thermit welding. The high end of the
power density range of welding is occupied by laser beam welding and electron
beam welding. The midrange of heat source power densities is filled by the various
arc welding processes. For pulsed welding, the interaction time of the heat source on
the material is determined by the pulse duration, whereas for continuous welding the
interaction time is proportional to the spot diameter divided by the travel speed. The
minimum interaction time required to produce melting can be estimated from the

relation for a planar heat source given by (Eagar, 1986b):

t, =[K/P,J 2.7)

where Py is the heat source density (watts per square centimeter) and K is a function
of thermal conductivity and thermal diffusivity of the material. For steel, Eagar
(1986b) gives K equal to 5000 W/cm?. Using this value for K, one sees that the
minimum interaction time to produce melting for the low power density processes,
such as oxyacetylene welding with a power density on the order of 10° W/cm?, is 25
s, while for the high energy density beam processes, such as laser beam welding with

a power density on the order of 10° W/cm? is 25 4s. Interaction times for arc

welding processes lie somewhere between these extremes.
2.10.3. Arc Welding as a Multivariable Process
Any arc welding process can be controlled by a number of parameters, and

the ultimate objectives of the process are specified in terms of numerous parameters

as well as shown in Figure 2.39.

76



2. PREVIOUS STUDIES Ugur ESME

DIRECT WELD
INDIRECT WELD
BARAMETERS (IWF) Zz"é}iﬁmﬂg :Egsll(DWP}
Current NAATERIAL ;
voltage —  cROPERTES  —* Bead Widh
ravel Speed — |  MeftingPoint  |—» :
Electrode Feed Rate Thermmal Mechanical:
Electrode Extension » Conductivity " Ductility :
Travel Angle Therrmal :
Pulse Duration — Diffshvity - 1 .
Pulse_Repeﬂﬂ on Rate Joint T}fg’e . Mlg%siﬁusih;re'
: : i Phase
I I :
Discortinuities:

Paorosity
Incomplete Fusion

Figure 2.39. Input and output variables of the general arc welding process
(George and et al., 2001)

As a result, any arc welding process can generally be viewed as a multiple-
input/multiple-output system. The lack of reliable, general, and yet computationally
fast, physical models of this multivariable system makes the design of a generalized
real-time controller for arc welding nontrivial. Each process has its own
characteristics which usually are related to a number of external parameters.
Generally, these relationships are not well quantified.

One of the basic issues to be considered regarding the generalized control
for arc welding is to determine what is to be controlled and which parameters are
accessible to enact control actions on the process. In other words, the input
parameters and the output parameters of the process, or the plant, have to be
determined. The input parameters to any arc welding process typically include those
controlled by the welding equipment, such as arc current, voltage, torch travel speed,
and filler wire rate. Most of these equipment parameters may be adjusted on-line and
thus they are available for real-time control of the welding process. Other input
parameters may be selected by the welder, but they are usually static and not
changeable during welding. These parameters include the electrode type and
dimensions, filler wire composition and dimensions, workpiece dimensions and
composition, etc.

Tarng and et al. (1999), developed a neural network model and simulated
annealing (SA) algorithm to model and optimize the gas tungsten arc welding

process. An SA algorithm applied to counter propagation network to optimize the
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process. Experimental results showed that TIG performance can be enhanced by

using SA technique with neural network.

2.10.4. Traditional Approaches to Arc Welding Modeling and Control

Applications of control for arc welding have thus far been largely focused
on the control of one, or at most two, parameters of the process. The control
techniques for these parameters have usually been limited to classical feedback
control, based on the assumptions of linear and time invariant behavior of the
controlled systems. Examples of such control schemes include voltage and current
control of the welding power source, control of the arc voltage through adjustment of
the arc length, and other isolated single variable control applications. The welding
control applications mentioned above are usually adequate for their specific
purposes, i.e., to maintain one or two system parameters at predefined values. These
traditional schemes, however, are not easily applicable to the more complex task of
directly controlling outputs of the entire process through the available equipment
parameters, i.e., controlling the Direct weld parameter (DWP) in terms of the
indirect weld parameter (IWP) (Cook, 1981 and 1990). Conceptually, the IWPs can
be thought of as causes, with the DWPs as effects, both being related by the material
properties of the weldment itself. One of the main obstacles to designing a general
welding controller for any arc welding process, such as TIG welding, is that the
process to be controlled is not thoroughly understood. The current approaches to
welding rely extensively on human expertise and trial-and-error methods. For a given
task, the human welder selects the process constants (electrode size, material and tip
preparation, gas type and flow rate, etc.) and sets the variable equipment parameters
(arc current, voltage, torch travel speed, filler wire rate, etc.). These selections are
usually based on past experience. Through initial trials the variable equipment
parameters are adjusted, and this process is repeated until the desired results (weld
bead size, appearance, etc.) are obtained. Improvements on two aspects of this
procedure can be proposed at this point. First, improvements in the initial selection of

the indirect weld parameters would reduce the number of iterations necessary to
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obtain the desired direct weld parameters. This initial selection is static and can be
carried out off-line, prior to welding. Secondly, once the process has started, sensory
feedback and other available process information can be monitored in real-time and
used to update the IWP which control the welding equipment. These updates must be
obtained on-line and the corresponding control actions must be executed at a high
enough rate to effectively control short-term transients of the process.

Controlling a multivariable system is not a trivial task without an adequate
quantitative model. In the case of arc welding, relationships between the various
process inputs and outputs are not well defined. Furthermore, the process variables
are coupled (i.e., any given input parameter affects more than one output parameter)
and in general the welding processes are nonlinear (the output parameters are not
adequately described in terms of a linear combination of the input parameters and
their time derivatives). All of these facts add to the difficulty of designing a general
controller for arc welding. Substantial research has been carried out to
mathematically model and control the TIG welding process, as well as other arc
welding processes. Each welding process is primarily governed by specific control
variables (Dornfeld and et al., 1982). The available weld process models can be
classified from either of two viewpoints. One classification arises from the methods
by which the models are derived, while the other is concerned with the ability of the
models to describe the dynamic behavior of the process as well as the static one. In
broad terms, weld process models are either derived from the fundamental physics of
heat transfer, or they are constructed from empirical data. The models derived from
heat transfer physics frequently assume that the arc can be modeled as a heat source
of a given form (a point source, a disk-shaped source of heat, etc.) and then the laws
of heat conduction are applied to calculate the temperatures at various points in the
workpiece (Rosenthal, 1941; Nunes, 1983; Tsai, 1983). Of specific interest is the
boundary at which the temperature equals the melting temperature of the welded
metal, i.e., the boundary of the molten weld pool. These results may either be derived
analytically or computationally to a varying degree. The analytical derivations
usually require significant simplifications, such as assuming that the welded

workpiece is either infinitely thick or of a specific shape, the thermal properties of
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the molten pool (e.g., heat conduction and density) are homogeneous and the same as
those of the solid metal, etc. As a result the analytically derived models are usually
fairly inaccurate when compared to the results of actual welding operations. On the
other hand they frequently offer some insight into the mechanisms of the welding
process and they may illustrate how the individual process inputs and outputs are
related. Computer solutions based on the physics of heat conduction can be made
more accurate by including some of the calculations omitted in the analytical
simplifications. Finite-difference techniques and related methods carry the
computational solution of the heat equation to its fullest accuracy (Eraslan and et al.,
1986; Zacharia and et al., 1988a-1988b). The drawbacks of such approaches,
however, are that they are computationally intensive (which usually renders them
impractical for real-time use) and they do not offer the insight into the interactions of
process variables that the analytical models may give. An alternative to the physics-
based models, discussed above, are the empirically derived models (Jackson and
Shrubsall, 1953; McGlone, 1982). These models may simply consist of one or more
equations relating the process outputs to the process inputs, and derived by obtaining
a best fit of experimental data to the given equations. In such cases the models are
derived without any consideration of the underlying physics of the process. A
number of weld process models can be placed between the two extremes of pure
physics-derived and empirical models. Frequently, physics-based models are derived
using the necessary approximations and then various “empirical constants” and other
unspecified variables are tuned until the model adequately agrees with experimental
welding data. By the same token, empirical models frequently use pieces of general
knowledge of the process, derived from the underlying physics. Therefore, the
physics-based and the empirical models define the opposite extremes in approaches
to weld modeling.

For the purpose of system control it is important to distinguish between
static models and dynamic ones. A static model describes the process in its steady-
state, i.e., it does not consider short-term transients of the process. A dynamic model,
however, yields both the dynamic and the static responses of the process, and thus it

is more general. The lack of dynamic considerations is usually tolerable when the
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initial set point values for the equipment parameters of the process are selected with
the aid of a model. Once the process has started, however, its dynamics must be
adequately incorporated into the control scheme. Some adaptive, dynamic control
schemes for the TIG welding process are discussed in (Suzuki and et al., 1991).

There are at least two roles for models in a generic nonadaptive weld
process controller. First, a model can be used in defining the initial equipment
parameters of the process. The welder specifies the desired DWP, such as weld bead
width, penetration, etc., and the model can be used to arrive at suitable IWP, such as
welding current, travel speed, etc. Secondly, a model can be executed in parallel with
the actual process and provide calculations for DWP that cannot be measured
directly in real-time. Thus, a weld model can provide the controller at any time with
an estimate of the weld bead penetration, although it may not be measurable in real-
time. Adaptive controllers may require a process model to compare against the
physical process for computation of errors used to intact parameter adaptation.

Bicknell, Smith and Lucas (1994), developed a novel sensor system for the
control and measurement of bead size in TIG welding. They used a passive vision-
based sensor combined infrared imaging of the weld pool and selective optical
filtering to reduce excessive arc glare and improve contrast between weld pool and
heat affected zone (HAZ). The arc interruption and external illumination techniques,
used by the other researchers, were not required in their study. Their technique has
been successfully applied to both pulsed and continuous TIG welding of stainless
steel in order to maintain the bead size during a welding run.

Zhang and Kovacevic (1998), developed a closed-loop system to control the
weld fusion which was specified by the top side and back side bead widths. A
neurofuzzy model was used to model the nonlinear dynamic welding process. They
developed the dynamic fuzzy model based on a predictive control system. Their
experiment also confirmed the effectiveness of the developed control system for
achieving the desired fusion state.

Gao and Wu (2001), established an experimental study for determination of
weld pool geometry in gas tungsten arc welding. A composite light filter was

designed for CCD camera system to eliminate the high intensity light coming from
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the arc. They obtained image capturing using camera system. Also, image capturing
algorithm was developed in order to measure the weld pool characteristics.

Luo and et al. (2002), developed vision based neurofuzzy logic control of
weld pool geometry. They used LaserStrobe vision system to eliminate the
interference from the welding arc. Also, it was concluded that image processing
based on blob detection and connectivity analysis provides online information about

the weld pool geometry.

2.10.4.1. Neural Networks

As the name indicates, a neural network resembles, to a certain degree,
biological nervous systems as we currently understand them. While most traditional
computers rely on a single or few computational units to perform their tasks, the
neural network typically consists of a relatively large number of computational units,
connected with an even larger number of communication links. The underlying
principle aims to examine numerous hypotheses simultaneously and process data in a
distributed fashion. In essence the neural network is a self-adaptive structure which
incrementally alters its inner workings until it achieves the desired performance. The
fundamental building block of an artificial neural network is the perceptron which
was introduced by Rosenblatt (Rosenblatt, 1988). Originally designed for pattern
recognition and as a research tool for modeling brainlike functions of a biological
system, the perceptron pattern-mapping architecture can be generalized to the
processing element present in the back-error propagation systems used today. These
processing elements, as shown in Figure 2.40, are linked together with variable
weights into a massively parallel environment. A neural net can achieve human-like

performance due to its ability to form competing hypotheses simultaneously.
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Figure 2.40. The processing element of a neural network (Rosenblatt, 1988)

A neural network and its adaptation procedure using back propagation is
best illustrated by an example. Figure 2.41 shows a small neural network consisting
of eight nodes, arranged in two hidden layers of three nodes each and one output

layer of two nodes (Rosenblatt, 1988).

1st 2nd
Hiddan Hiddan
Layer Layer

Figure 2.41. Three-input, two output network, using two hidden layers of three nodes
each, fully interconnected (Rosenblatt, 1988)

Each node i in the first hidden layer produces a single numeric output which

we denote as X, ' Similarly the nodes of the second hidden layer are labeled x,"”,

xl(z) and xz(z) . The three inputs and two outputs of the network are X, through X, and

Yo through y; respectively. Each node accepts numeric data through a number of

input links, each of which multiplies the input data with a weight factor. The weight

O

factor associated with the link from X, " to the node producing X j(z) is annotated as

W, “and a similar convention holds for the links between other layers. Each node
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calculates its output by summing its weighted inputs and using the result S as the

argument of a nonlinear function associated with the node.

f(s)=[1+exp[-(s—0)]]" (2.8)

where S is the sum of the node inputs and C is an internal offset value. Clearly the
node output will be confined to the range 0<f(s)<l. Because the limiting values, 0
and 1, will only be approached as s approaches +/- infinity, all input and output data
are scaled so that they are confined to a subinterval of [0 ... 1]. A practical region for
the data is chosen to be [0.1 ... 0.9]. In this case each input or output parameter p is

normalized as p, before being applied to the neural network according to:

n

0.9-0.1
- {—(; - ij)}( P Pyn) +0.1 29)
where Pmax and Pmin are the maximum and minimum values, respectively, of data
parameter p. The network starts calculating its output values by passing the weighted
inputs to the nodes in the first layer. The resulting node outputs of that layer are
passed on, through a new set of weights, to the second layer, and so on until the
nodes of the output layer compute the final outputs. Before practical application, the
network has to be trained to perform the mapping of the three input parameters to the
two output parameters. This is done by repeatedly applying training data to its inputs,
calculating the corresponding outputs by the network, comparing them to the desired
outputs, and altering the internal parameters of the network for the next round. The
training starts by assigning small random values to all weights (wjj) and node offsets
(¢)) in the network. The first three input data values are presented to the network
which in turn calculates the two output values. Because the initial weights and node
offsets are random these values will generally be quite different from the desired
output values, Dy and D,. Therefore, the differences between the desired and

calculated outputs have to be utilized to dictate improved network values, tuning
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each weight and offset parameter through back propagation. The weights preceding

each output node are updated according to

w, (t+1) =w, (t)+nd,x? (2.10)
where N is a correction gain and d; is the correction factor;

d,=y;d-y)d;-vy;) (2.11)

Clearly, each weight will be increased if the calculated output from its node
is less than the desired value, and vice versa. The correction factors used to update

weights preceding the hidden layer nodes are updated according to;

d; =x;(1=x)Y (d, —wy) (2.12)

where the k applies to the node layer succeeding the one currently being updated.
The offset parameter ¢ of each node is treated as an additional weight factor and
updated in the same manner.

The weights and offsets of the neural network are recalculated during the
back propagation as outlined above. Then the network repeats the calculation of the
output values based on the same input data, compares them to the desired output
values, and readjusts the network parameters through yet another back propagation
phase. This cycle is repeated until the calculated outputs have converged sufficiently
close to the desired outputs or an iteration limit has been reached. Once the neural
network has been tuned to the first set of input/output data, additional data sets can
be used for further training in the same way. To ensure concurrent network
adaptation to all sets of data, the entire training process may be repeated until all
transformations are adequately modeled by the network. This requires, of course, that
all the data sets were obtained from the same process and therefore the underlying

input/output transformation is consistent. As noted above, the training iteration
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process may be terminated either by a convergence limit or simply by limiting the
total number of iterations. In the former case we use an error measure € defined as

the following:

€=max,_ ¢ IZM_l(dk,m - yk,m)2 (2.13)

where K is the number of input/output data sets used for training, M is the number of
network output parameters in each data set, and (dxm-Ykm) is the error in the network
calculation of parameter m in data set k. The error measure, €, changes after each
round of network weight adjustments. In the long run e decreases as the network is
refined by training iterations. Using this indicator one can program the network to
terminate the iterative tuning process as soon as € reaches some threshold value, e.
Alternatively, a given network may not be able to reduce the error measure down to
the specified . In that case the iterations may be terminated by simply specifying a
maximum number for them.

The training mode, as described above, is a precondition for actually
applying the neural network in the application mode. In this mode entirely new input
data is presented to the network which, in turn, predicts new outputs based on the
transfer characteristics learned during the training. If this new data is obtained from
the same local region of operation of the process as during the training phase, data
from the input/output relations should be governed by the same underlying process
and the neural network should perform adequately. The neural network is not
updated in the application mode.

When compared to other modeling methodologies, neural networks have
certain drawbacks as well as advantages. The most notable drawback is the lack of
comprehension of the physics of the process. Relating the qualitative effects of the
network structure or parameters to the process parameters is usually impossible. On
the other hand, most physical models resort to substantial simplifications of the
process and therefore trade accuracy for comprehensibility. The advantages of neural
models include relative accuracy, as illustrated in the following sections, and

generality. If the training data for a neural network is general enough, spanning the
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entire ranges of process parameters, the resulting model will capture the complexion
of the process, including nonlinearities and parameter cross couplings, over the same
ranges. Model development is much simpler than for most other models. Instead of
theoretical analysis and development for a new model the neural network tailors
itself to the training data. Finally, the neural network can calculate its result relatively
fast, as the input data is propagated once through the network in the application
mode.

Yasuo and et al. (1999), developed an intelligent welding robot system with
visual sensors in order to realize full automatic welding of thin mild steel plates
including automatic seam tracking and automatic control of welding conditions.
They also investigated CCD camera and a penetration control system using neural
network in TIG welding of steels. The constructed camera system with neural

network provided effective control of penetration in thin mild steel plates.

2.10.4.1.1. Neural Network Applications

Neural networks can be applied to a diversity of tasks. In general, the
network associates a given input vector (X1, X2, ... X,) with a particular output vector
(Y1, Y2, ... Ym), although the function linking the two may be unknown and may be
highly nonlinear (Lippmann, 1987). (A linear function is one that can be represented
as f(xX) = mx + ¢, where m and c are constants; a nonlinear one may include higher

order terms for X, or trigonometric or logarithmic functions of X)

2.10.4.1.2. Nonlinear Estimation

Neural networks provide a useful technique for determining the values of
variables that cannot be measured easily, but which are known to depend in some
complex way on other more accessible variables. The measurable variables form the
network input vector and the unknown variables constitute the output vector. We can
call this use nonlinear estimation. The network is initially trained using a set of

examples known as the training data. Supervised learning is used, so each example in

87



2. PREVIOUS STUDIES Ugur ESME

the training comprises two vectors: an input vector and its corresponding desired
output vector (Willis, 1991). (This assumes that some values for the less accessible
variable have been obtained to form the desired outputs.) During training, the
network learns to associate the example input vectors with their desired output
vectors. When it is subsequently presented with a previously unseen input vector, the
network is able to interpolate between similar examples in the training data to

generate an output vector.

2.10.4.1.3. Classification

Often the output vector from a neural network is used to represent one of a
set of known possible outcomes, i.e., the network acts as a classifier. For example, a
speech recognition system could be devised to recognize three different words: yes,
no, and maybe. The digitized sound of the words would be preprocessed in some way
to form the input vector. The desired output vector would then be either (0, 0, 1), (0,
1, 0), or (1, 0, 0), representing the three classes of word. Such a network would be
trained using a set of examples known as the training data. Each example would
comprise a digitized utterance of one of the words as the input vector, using a range
of different voices, together with the corresponding desired output vector. During
training, the network learns to associate similar input vectors with a particular output
vector. When it is subsequently presented with a previously unseen input vector, the
network selects the output vector that offers the closest match. This type of
classification would not be straightforward using non-connectionist techniques, as
the input data rarely correspond exactly to any one example in the training data

(Rumelhart, 1986).
2.10.4.1.4. Clustering
Clustering is a form of unsupervised learning, i.e., the training data

comprises a set of example input vectors without any corresponding desired output

vectors. As successive input vectors are presented, they are clustered into N groups,
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where the integer N may be prespecified or may be allowed to grow according to the
diversity of the data. For instance, digitized preprocessed spoken words could be
presented to the network. The network would learn to cluster together the examples
that it considered to be in some sense similar to each other. In this example, the
clusters might correspond to different words or different voices.

Once the clusters have formed, a second neural network can be trained to
associate each cluster with a particular desired output. The overall system then
becomes a classifier, where the first network is unsupervised and the second one is
supervised. Clustering is useful for data compression and is an important aspect of

data mining, i.e., finding patterns in complex data (Hallam, 1990).

2.10.4.1.5. Content-Addressable Memory

The use of a neural network as a content-addressable memory is another
form of unsupervised learning, so again there are no desired output vectors
associated with the training data. During training, each example input vector
becomes stored in a dispersed form through the network. When a previously unseen
vector is subsequently presented to the network, it is treated as though it were an
incomplete or error-ridden version of one of the stored examples. So the network
regenerates the stored example that most closely resembles the presented vector. This
can be thought of as a type of classification, where each of the examples in the
training data belongs to a separate class, and each represents the ideal vector for that
class. It is useful when classes can be characterized by an ideal or perfect example.
For example, printed text that is subsequently scanned to form a digitized image will
contain noisy and imperfect examples of printed characters. For a given font, an ideal
version of each character can be stored in a content-addressable memory and
produced as its output whenever an imperfect version is presented as its input

(Rumelhart, 1986).
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2.10.4.1.6. Nodes and Interconnections

Each node, or neuron, in a neural network is a simple computing element
having an input side and an output side. Each node may have directional connections
to many other nodes at both its input and output sides. Each input X; is multiplied by
its associated weight w;. Typically, the node’s role is to sum each of its weighted
inputs and add a bias term W, to form an intermediate quantity called the activation,
a. It then passes the activation through a nonlinear function f; known as the transfer
function or activation function. Figure 2.42 shows the function of a single neuron.
The behavior of a neural network depends on its topology, the weights, the bias
terms, and the transfer function. The weights and biases can be learned, and the
learning behavior of a network depends on the chosen training algorithm. Typically a
sigmoid function is used as the transfer function, as shown in Figure 2.43(a). The

sigmoid function is given by:

Output = f{a)

Figure 2.42. A single neuron (Hallam, 1990)

1
1+e7?

f (a)= (2.14)

For a neuron, the activation a is given by:
a:(Z(wixi)Jero (2.15)
i=1
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where n is the number of inputs and the bias term Wy is defined separately for each
node. Figures 2.43 (b) and (c) show the ramp and step functions, which are
alternative nonlinear functions sometimes used as transfer functions (Hallam, 1990).
Many network topologies are possible, but we will concentrate on a
selection which illustrates some of the different applications for neural networks. We
will start by looking at single and multilayer perceptrons, which can be used for

categorization or, more generally, for nonlinear mapping.

(a)

LA 1+exp(-a))
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o
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Figure 2.43. Nonlinear Transfer functions: (a) a sigmoid function, (b) a ramp
function, (c¢) a step function (Hallam, 1990)

2.10.4.2. Applications of Neural Network Systems in Weld Modeling

and Control

Selecting the appropriate indirect weld parameters for a given weld
geometry is a nontrivial task. Generally, each parameter of the welding equipment
affects a number of geometrical attributes of the weld pool. Current, for instance,
affects both weld pool width and penetration. The human welder or weld designer

usually selects the indirect weld parameters based on previous experience, handbook

91



2. PREVIOUS STUDIES Ugur ESME

recommendations, etc., and then fine tunes the selection with trial experiments. This
approach can be complemented or replaced by the neural network scheme.

Zeng et al. (2003), demonstrated that a Artificial Neural Network (ANN)
can provide equipment welding parameters necessary to produce high-integrity
welds. In their research they utilized a commercial neural network package called
Brainmaker (1993) to simulate a manual TIG welding parameter predictor. The IWP
chosen for their neural predictor are welding current and voltage, the amount of filler
rod consumed, weight of weld metal deposited, and arcing time per meter of weld.
The inputs to the network are material type, joint type, welding position, shielding
gas, sheet thickness, joint gap, and filler rod diameter. Material type and joint type
are represented as symbolic variables such that several input neurons, allowing only
a binary input value (i.e., 0 or 1), facilitate the representation of different materials
(e.g., mild steel, stainless steel, etc.) and different welding positions (e.g., flat
position, H/V position, vertical position, or overhead position).

Their network was trained using the back propagation learning algorithm.
The raw data was provided by the Welding Institute in which 40 input/output training
instances were used. Material types varying between mild steel and stainless steel,
and each of the four possible welding positions were included in the training set.
Extensive experiments highlighted that only one hidden layer did not provide the
error tolerance desired by Zeng. Therefore, two hidden layers of 50 neurons in the
first layer and 25 neurons in the second layer converged to an acceptable error
tolerance of 4%. Tests indicated that good prediction was achieved.

The back propagation network has also been implemented by Andersen and
et al. (1992 and 1993) to relate welding process variables to weld bead geometry.
They employed two neural networks. One network was trained to derive DWP’s
from IWP’s while another network was trained to yield IWP’s from DWP’s. This
approach is illustrated in Figure 2.44. The user specifies the required weld geometry
by the reference or setpoint DWP’s (DWPREF). Assuming that the network has been
properly trained off-line with previous sets of actual weld parameters, the network

produces a set of IWP’s that can be used as weld equipment settings.
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Figure 2.44. Indirect weld parameter selector using neural network (Andersen and et
al., 1990)

If the network parameters include the ones having principal roles in
controlling the weld pool, the welder can achieve the required DWP’s with minimal
experimentations or experience. While the weld is performed, the IWPs may be
recorded in the IWP recorder, and similarly, the resulting DWPs can be determined
and stored in the DWP recorder after welding. Once these data are available the
neural network can be refined by additional oft-line training with the new data, and
thus its characteristics are continuously updated as future welds are produced.

Andersen and et al., (1990), used actual GTA weld data to evaluate the
accuracy of the neural networks for weld modeling. The data consisted of values for
voltage, current, travel speed, and wire feed speed, and the corresponding bead
width, penetration, reinforcement height, and bead cross-sectional area. In all, 42
such data sets were used, of which 31 data sets were selected at random and used for
training purposes while the remaining 11 data sets were presented to the trained
networks as new application data for evaluation purposes. Thus the networks were
evaluated using data that had not been used for training.

Networks consisting of 36, 48, 60, and 72 nodes using various numbers of
hidden layers were built. The 31 sets of welding data were used for training each of

the networks. Using a learning rate of 7 =0.1, the number of training iterations

required to reduce the conversion measurement, €,, down to 0.09 is illustrated in
Figure 2.45. Andersen and et al. (1990) defined a training iteration as one round of
network adaptation to all sets of training data. Figure 2.44 clearly indicates that there
is an optimum number of hidden layers that requires the least amount of training
iterations for this particular problem. Although the training iterations take place off-

line and are therefore irrelevant to on-line modeling, they can be fairly time
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consuming. Thus, it is clear that training time optimization is advantageous for

extensive experiments.
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Figure 2.45. Number of iterations required for convergence of various network
configurations. The error threshold ey is 0.09 and the correction gain 7 is 0.1 for all

networks (Andersen and et al., 1990)

Each network configuration resulted in comparable performance. Figure
2.46 summarizes the performances of each of the networks for the four DWPs. The
bars show standard deviations of the modeling errors for the various networks using
the 11 tested data sets. Most of the errors are on the order of 5 to 10%, with
penetration errors typically in the 20% range. These results agree with other similar
experiments reported by Andersen, in that modeling accuracy is typically on the
order of 10 to 20%.

An observation relating to the weld modeling experiments should be noted
here. The precision of the bead measurements was 0.1 mm, which corresponds to 2
to 7% precision for the average bead width and penetration, respectively.
Furthermore, inaccuracies in measurements of the data, which were used to train the
neural network model, tend to degrade the general performance of the model. Width
measurements are generally more reliable than penetration measurements, as they are
made in several locations along the top of the bead. A penetration measurement is
usually made on a single cross section, as it requires chemical etching, which results

in a relatively blurred boundary between the bead and the surrounding base metal.
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This difference is reflected in the consistently lower accuracy of the penetration

modeling, compared with the width modeling.
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Figure 2.46. Standard deviations of mapping errors (%) for various network
configurations, shown for all four DWPs (Andersen, 1992)

The two neural network schemes presented by Zeng and Andersen (1997)
apply to static parameter settings only. Therefore, dynamic control of the welding
process is left to the various controllers of the welding equipment, such as the
automatic voltage controller (AVC), power source (usually constant current for TIG
welding), etc. Thus, it is the responsibility of these controllers to maintain the
parameters, selected by the neural network, constant in the presence of noise or
process perturbations.

Tay and Butler (1997), described an application of an integrated method
using experimental designs and neural network for modeling a metal inert gas
welding process. They used an adaptive neural network to approximate the
stochastically non linear dynamics of the welding process to optimize the basic
welding parameters. The results showed that the proposed adaptive neural network is
capable of mapping the complex relationships between the welding parameters and
the corresponding output weld quality.

Wikle, Zee and Chin (1999), developed a sensing system for weld process

control. The gas tungsten arc welding process was monitored with a point infrared
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sensor. Welding process control was demonstrated on both constant thickness
plates and plates with a step change in thickness.

Dae-Cheol and et al. (1999), described a new method of perform in multi-
stage metal forming processes considering workability limited by ductile fracture.
The finite element simulation combined with ductile fracture criterion performed in
order to predict ductile fracture. They also implemented artificial neural network
using Taguchi combinations for minimizing objective functions relevant to forming
process. They also analyzed different welding technologies for cost savings.

Jarmai and Farkas (1999), developed cost calculation and optimization of
the welded steel structures. They emphasized the role of fabrication costs,
especiallythe role of welding costs using different welding technologies.

Vitek and et al. (2001), presented a neural network model for prediction of
plasma augmented laser welded steel sheets. They analyzed the experimental weld
pool shapes and used to train a neural network to predict weld pool shape as a
function of process conditions. The predictions of neural network model showed
excellent agreement with the experimental results, indicating that a neural network
model is a viable means for predicting weld pool shape.

Nagesh and Datta (2002), explored use of artificial neural network to model
the submerged arc welding process. Back propagation neural network was used to
associate the welding process variables with the features of the bead geometry and
penetration. They obtained good agreement with the predicted and measured results.

Gao and Wu (2002), proposed a model describing the relationship between
the front side geometrical parameters of the weld pool and the back weld width with
sufficient accuracy in conjunction with neural network. The model was used in the

back weld width control test and a satisfactory result was obtained in their study.
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2.10.4.2.1. Real-Time Monitoring of Weld Joint Penetration with
Neural Network

A rather elaborate implementation of monitoring weld joint penetration
using machine vision and a high-shutter-speed camera assisted with pulsed laser
illumination is presented by Kovacevic, et al. (1995, 1996a, 1996b and 1996¢). In
their research, they employ an ANN to emulate the human operator’s ability to
extract weld penetration information from the geometrical appearance of the weld
pool (Kovacevic and Zhang, 1996a). Conceptually, Kovacevic (1996b) believes that
the human welder relies on the geometrical appearance parameters, which include
size and shape information, of the weld pool to represent weld penetration.
Kovacevic’s model uses an empirically derived relationship between the sag of the
weld near the rear of the pool and the root face bead width (Lin and Eagar, 1984;
Rokhlin and Guu, 1993; Zhang and et al., 1993). Thus, their ANN weld penetration
estimator is trained with the length and the included rear angles of the weld pool to
represent the pool’s size and shape, respectively. The objective of Kovacevic’s
(1996a) experiments was to monitor, in real-time, the full penetration state of the
weld pool which is described by the root face bead (backside) width. Extensive
neural network configurations were tested in order to examine the possibility of
using different pool parameters as inputs to represent the weld penetration. Each of
the networks, however, contained only one output node which was responsible for
calculating the backside bead width.

They employed a commercial neural network software package to facilitate
the training of the various neural network configurations. An extended delta-bar-
delta (EDD) learning algorithm was used to overcome the slow convergence rate
associated with the back propagation learning algorithm. Only one hidden layer was

used in which the number of nodes, n,, was calculated by the following equation:

N N

— <N, < — (2.10)
10(n, +n;,) 5(n, +ny)
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where N is the number of samples, and n; and n; are the number of elements in the
input and output layer, respectively. Kovacevic (1996¢) found that while none of the
input parameters (width, length, length-to-width ratio, or rear angles) alone can
accurately assess the penetration, a combination of the length and rear angles of the
weld pool provided sufficient information to accurately model the relationship
between the weld pool and weld penetration. Furthermore, monitoring was possible

in real-time at a rate of 5 Hz.

2.10.4.2.2. Closed-Loop Control of GTA Weld Bead Geometry

An approach to closed-loop control, using neural networks, has been
attempted by a number of researchers using various welding processes, such as TIG,
GMAW, RSW, Variable Polarity Plasma Arc welding (VPPAW), etc., and a wide
range of sensing devices, such as optical, arc, infrared, acoustical, ultrasonic, etc.
(Rosenthal, 1941; Nunes, 1983; Tsai, 1983; Kovacevic and Zhang, 1996d).

Andersen (1993) developed a digital welding control system for the TIG
welding process in which the objective was to maintain constant weld bead
dimensions when a variation in the welding environment was encountered, such as a
variation in the thickness of the plate upon which the weld was being performed
(Nunes, 1983). This is a practical consideration when welding items of relatively
complex shapes, where the varying thermal conditions can affect the geometry of the
molten pool. Andersen’s control system is most readily explained by reference to
Figure 2.47, which illustrates the main components. The desired bead width and
penetration are specified by the user as WREF and PREF, respectively. These
parameters, as well as the workpiece thickness, H, are fed to a neural network set
point selector, which yields the nominal travel speed, current, and arc length (V, lo,
and L,, respectively). Arc initiation and stabilization is controlled in an open-loop
fashion by the weld start sequencer. Given the desired equipment parameters the arc
is typically initiated and established at a relatively low current, with the other
equipments parameters set at some nominal values. Once the arc has been established

the equipment parameters are ramped to the set point values specified by the neural
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network. When the set point values have been reached, at time t =T, the closed-loop
control is enacted. The bead width from the process can be monitored in real-time. A
real-time penetration sensor is not readily available; therefore, a second neural
network is run in parallel with the process to yield estimates of the penetration. The
measured bead width and the estimated penetration are subtracted from the
respective reference values, processed through proportional-plus-integral controllers,
and added to the final values obtained from the set point sequencer. When a
workpiece thickness variation is encountered in the process, the system adjusts the

current and the travel speed accordingly to maintain constant bead geometry.
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Figure 2.47. Closed-loop TIG welding control system (Andersen, 1993)

99



3. MATERIAL AND METHOD Ugur ESME

3. MATERIAL AND METHOD

3.1. Material

3.1.1. Workpiece Materials

The materials selected for the experiments were AISI type 304, 304L and
316L stainless steel plates with different thicknesses. Among the austenitic
stainless steel, AISI type 304 and 316 stainless steel plates are the most versatile
and the most widely used in the fabrication of pressure vessels plates. Their
chemical composition, mechanical properties, weldability and corrosion/oxidation
resistance provide the best all-round performance stainless steel at relatively low
cost. They also have excellent low temperature properties and responds well to
hardening by cold working. Typical chemical compositions and mechanical
properties and size of the materials used in this study were given in Table 3.1 and

Table 3.2, respectively.

Table 3.1. Chemical analysis of workpiece materials
Percent Composition (%)

Material C Mn P S Si Cr Mo Ni Cu
AISI 304 0.08 2.00 0.04 0.030 1.00 19 0.20 10.5 0.02
AISI304L 0.02 1.52 0.02 0.017 0.53 18.09 0.25 8.49 0.11
AISI316L 0.03 2.00 0.04 0.030 1.00 16.0 0.15 10.5 0.02

Table 3.2. Dimensions and mechanical properties of workpiece materials

Material Thickness Width Length Tensile load
(AISD) (mm) (mm) (mm) (kg)
304 1.2 16 240 1325
304L 5 12 240 4500

It is important to understand the microstructure and behavior of the stainless
steels to be welded. The next section explains the general properties and weldability

of the austenitic stainless steels for the particular applications.
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3.1.2. Welding Stainless Steels

The stainless properties of stainless steels are primarily due to the presence of
chromium in quantities greater than roughly 12 weight percent. This level of
chromium is the minimum level of chromium to ensure a continuous stable layer of
protective chromium-rich oxide forms on the surface. The ability to form chromium
oxide in the weld region must be maintained to ensure stainless properties of the
weld region after welding. In commercial practice, however, some stainless steels
are sold containing as little as 9 weight percent chromium and will rust at ambient
temperatures.

Stainless steels are generally classified by their microstructure and are
identified as ferritic, martensitic, austenitic, or duplex (austenitic and ferritic). The
microstructure significantly affects the weld properties and the choice of welding
procedure used for these stainless steel alloys. In addition, a number of precipitation-
hardenable (PH) stainless steels exist. Precipitation-hardenable stainless steels have
martensitic or austenitic microstructures (Kou, 1987).

Iron, carbon, chromium and nickel are the primary elements found in stainless
steels and significantly affect microstructure and welding. Other alloying elements
are added to control microstructure or enhance material properties. These other
alloys affect welding properties by changing the chromium or nickel equivalents and
thereby changing the microstructure of the weld metal. Generally, 200 and 300
series alloys are mostly austenitic and 400 series alloys are ferritic or martensitic, but
exceptions exist.

Stainless steels are subject to several forms of localized corrosive attack. The
prevention of localized corrosive attack is one of the concerns when selecting base
metal, filler metal and welding procedures when fabricating components from
stainless steels.

Stainless steels are subject to weld metal and heat affected zone cracking, the
formation of embrittling second phases and concerns about ductile to brittle fracture

transition. The prevention of cracking or the formation of embrittling
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microstructures is another major concern when welding or fabricating stainless

steels.

3.1.3. Welding of Austenitic Stainless Steels

Austenitic stainless steels have high ductility, low yield stress and relatively
high ultimate tensile load, when compare to a typical carbon steel. Ideally, austenitic
stainless steels exhibit a single-phase, the face-centered cubic (FCC) structure, that is
maintained over a wide range of temperatures. This structure results from a balance
of alloying additions, primarily nickel, that stabilize the austenite phase from
elevated to cryogenic temperatures. Because these alloys are predominantly single
phase, they can only be strengthened by solid-solution alloying or by work hardening
(Jeftus, 2004).

The austenitic stainless steels were developed for use in both mild and severe
corrosive conditions. Austenitic stainless steels are used at temperatures that range
from cryogenic temperatures, where they exhibit high toughness, to elevated
temperatures, where they exhibit good oxidation resistance. Because the austenitic
materials are nonmagnetic, they are sometimes used in applications where magnetic
materials are not acceptable.

The most common types of austenitic stainless steels are the 200 and 300
series. Within these two grades, the alloying additions vary significantly.
Furthermore, alloying additions and specific alloy composition can have a major
effect on weldability and the as-welded microstructure. The 300 series of alloys
typically contain from 8 to 20 weight percent Ni and from 16 to 25 weight percent
Cr.

Stainless steel has a very thin and stable oxide film rich in chrome. This film
reforms rapidly by reaction with the atmosphere if damaged. If stainless steel is not
adequately protected from the atmosphere during welding or is subject to very heavy
grinding operations, a very thick oxide layer will form. This thick oxide layer,
distinguished by its blue tint, will have a chrome depleted layer under it, which will

impair corrosion resistance. Both the oxide film and depleted layer must be removed,

102



3. MATERIAL AND METHOD Ugur ESME

either mechanically (grinding with a fine grit is recommended, wire brushing and
shot blasting will have less effect), or chemically (acid pickle with a mixture of nitric
and hydrofluoric acid). Once cleaned, the surface can be chemically passivated to
enhance corrosion resistance, (passivation reduces the anodic reaction involved in the
COTTOS10N Process).

Major concerns, when welding the stainless steels, are the susceptibility to
solidification and liquation cracking and carbide form at grain boundaries. Cracks
can occur in various regions of the weld with different orientations, such as
centerline cracks, transverse cracks, and microcracks in the underlying weld metal or
adjacent heat-affected zone (HAZ). These cracks are primarily due, to low-melting
liquid phases, which allow boundaries to separate under the thermal and shrinkage
stresses during weld solidification and cooling.

As illustrated in Figure 3.1, if any part of stainless steel is heated in the range
of 500 to 800 °C for any reasonable time there is a risk that the chrome will form
chrome carbides (a compound formed with carbon) with any carbon present in the
steel. This reduces the chrome available to provide the passive film and leads to
preferential corrosion, which can be severe. This is often referred to as sensitization.
Therefore it is advisable when welding stainless steel to use low heat input and
restrict the maximum interpass temperature to around 175 °C, although sensitization
of modern low carbon grades is unlikely unless heated for prolonged periods. Small
quantities of either titanium (321) or niobium (347) added to stabilize the material

will inhibit the formation of chrome carbides.
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Figure 3.1. Chrome carbide precipitation in stainless steels
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To resist oxidation and creep high carbon grades such as 304H or 316H are
often used. Their improved creep resistance relates to the presence of carbides and
the slightly coarser grain size associated with higher annealing temperatures.
Because the higher carbon content inevitably leads to sensitization, there may be a
risk of corrosion during plant shut downs, for this reason stabilized grades may be
preferred such as 347H.

To ensure good corrosion resistance of the weld root it must be protected
from the atmosphere by an inert gas shield during welding and subsequent cooling.
The gas shield should be contained around the root of the weld by a suitable dam,
which must permit a continuous gas flow through the area. Welding should not
commence until sufficient time has elapsed to allow the volume of purging gas
flowing through the dam to equal at least the 6 times the volume contained in the
dam. Once purging is complete the purge flow rate should be reduced so that it only
exerts a small positive pressure, sufficient to exclude air. If good corrosion resistance
of the root is required the oxygen level in the dam should not exceed 0.1% (1000
ppm); for extreme corrosion resistance this should be reduced to 0.015% (150
ppm). Backing gasses are typically argon or helium; Nitrogen Is often used as an
economic alternative where corrosion resistance is not critical, No+10%He is better.
A wide variety of proprietary pastes and backing materials are available than can be
use to protect the root instead of a gas shield. In some applications where corrosion
and oxide cooking of the weld root is not important, such as large stainless steel
ducting, no gas backing is used (Kou, 1987).

Even with the serious cracking concerns, and sensitization problems the
austenitic stainless steels are generally considered the most weldable of the stainless
steels. Because of their physical properties, the welding behavior of austenitic
stainless steels is different than the ferritic, martensitic, and duplex stainless steels.
For example, the thermal conductivity of austenitic alloys is roughly half that of
ferritic alloys. Therefore, the weld heat input that is required to achieve the same
penetration is reduced. In contrast, the coefficient of thermal expansion of austenite
is 30 to 40 percent greater than that of ferrite, which can result in increases in both

distortion and residual stresses, due to welding. Since the high coefficient of
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expansion associated with this material welding distortion can be quite savage. The
molten weld pool of the austenitic stainless steels is commonly more viscous, or
sluggish, than ferritic and martensitic alloys. This slows down the metal flow and
wettability of welds in austenitic alloys, which may promote lack of fusion defects.
Main characteristics of Austenitic stainless steels are as follows (ASM,
2002):
o Not magnetic or only slightly magnetic
e Not attacked by a 10% solution of Nitric Acid (HNO3) in alcohol
e Quite ductile and easily deformable by mechanical working which
increases both hardness and strength: this characteristic is called strain
hardening
o Easily welded, with the needed precautions
e Thermal conductivity only between one third and one half that of other
steels

o Coefficient of thermal expansion by 30-40%, even 50% greater
3.1.4. Electrodes

In this study, AWS A 5.12-80 EW Th-2 Thoriated (red color code) Tungsten
was used as an electrode material. The shape and corresponding dimensions of the

electrodes used in the experiments are shown in Figure 3.2.
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Figure 3.2. Electrode shape used in the experiments
The thermionic emission of tungsten can be improved by alloying it with metal

oxides that have very low work functions. The electrodes are able to handle higher

welding currents without failing. Thorium oxide is one such additive.
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Thoriated tungsten electrodes are superior to pure tungsten electrodes in
several respects. The thoria provides about 20% higher current-carrying capacity,
generally longer life, and greater resistance to contamination of the weld. With these
electrodes, arc starting is easier, and the arc is more stable than with pure tungsten or
zirconiated tungsten electrodes.

The EWTh-1 and EWTh-2 electrodes are designed for direct current electrode
negative (DCEN) applications. They maintain a sharpened tip configuration during
welding, which is desirable for welding of stainless steel. They are not often used
with AC, because it is difficult to maintain the balled end, which is necessary for AC

welding without splitting the electrode.
3.1.5. Filler Metals

The thickness of the part to be welded will determine the need for filler metal.
Material thinner than the 4.2 mm can be successfully welded without filler metal
additions. Filler metal when needed, can be added manually in straight length or
automatically. AWS A5.9 ER308L and ER316L filler metals were used in the
temperature measurement during multipass welding of stainless steels. The chemical
composition of these filler metals used in welding of 5 mm, 8 mm and 10 mm

thickness specimens are shown in Table 3.3.

Table 3.3. The composition of filler metal used in multipass welding

Workpiece Filler Type C Si Mn Ni Cr Mo S P

AISI 304L  ER308L  0.030 040 1.80 105 200 030 025 0.030
AISI 316L  ER316L  0.030 045 1.80 125 185 3.00 0.025 0.030

3.1.6. Mechanical Welding Robot
The mechanical welding robot, shown in Figure 3.3, was arranged for the

linear movement on the weld pad center line. Some modifications were made on the

system to adapt according to the TIG welding process.
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Figure 3.3. Welding robot used in the experiments

The basic features of the system include:

22 mm welding torch holder with adjustable torch angle,
Chain-gear drive system for torch movement,

Graded belt-pulley system for the required torch speeds,
Adjustable microprocessor speed control system,
Adjustable frequency control,

Adjustable welding table for different workpieces,

In order to determine the velocity of the welding torch over the weld path

centerline, the frequency calibrations were adjusted from 10 Hz to 70 Hz. The

calibration of the velocity and frequency control of the welding robot was made and

the related velocity-time graph of robot is shown in Figure 3.4 and Figure 3.5

respectively.
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Figure 3.4. Calibrated torch velocity-frequency control
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Figure 3.5. Calibrated torch velocity-time graph
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3.1.7. TIG Welding Machine

Welding machines consist of power sources. Power sources are apparatuses
that are used to supply current and voltage that are suitable for particular welding

processes.

Arc welding requires that an electric arc be established between an electrode
and the work-piece to produce the heat needed for melting the base plate. Because
utility energy is not delivered at the proper voltage and current, it must be converted to
the required levels by the welding power source.

Arc power sources convert the customary 240 or 480 V alternating current (ac)
utility power to a range from 20 to 80 V and simultaneously increase the current
proportionately. Galvanic isolation is also provided from the utility line voltage to
ensure operator safety. Motor or engine-driven welding generators are wound to deliver
the correct voltage and current directly; therefore, no transformer is necessary. Actual
arc voltage is established by factors other than the power source (for example,

electrode type, base metal type, shielding gas and standoft distance)

The National Electrical Manufacturers Association (NEMA) categorizes arc

welding machines into three classes on the basis of duty cycle (ASM, 1998):
e Class I: rated output at 60, 80, or 100% duty cycle,
e Class Il: rated output at 30, 40, or 50% duty cycle,
o Class Ill: rated output at 20% duty cycle

Duty cycle is the ratio of arc time to total lime based on a 10 min averaging
period. A 60% machine will deliver 6 min of arc time and 4 min off time without
overheating. NEMA requires most welding machines to produce a maximum of

125% of rated output current. No minimum current is specified, but 10% (of rating) is

typical.
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The experiments were performed on a Fronius Variostar WTU 305 type TIG
welding machine with a maximum 300 A current. Some of the technical data of

Fronius Variostar WTU 305 type machine are;

e C(lass I type welding machine,

e 50Hz 12.5kVA,

e Maximum 300 A capacity,

e Adjustable arc jump frequency,

e Electronic control of current,

e Cooler fan,

e Adjustable gas flow,

e Rod electrode,

e Overvoltage and temperature indicator,
e Continuously adjustable welding current,
e Adjustable downslope control,

e Frequency range selector,

e AC/DC selector,

e Changeable Anode and Cathode connections.
3.1.8. Measurement of Temperature Distribution
K type thermocouples (T/C) were used to measure the temperature
distribution during multipass welding of AISI 304L and AISI 316L stainless steels.

These thermocouples withstand high temperatures about more than 1600 °C.

Arrangement employed in the measurement is shown in Figure 3.6.
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Figure 3.6. Schematic view of temperature measurement arrangement used in the
experiments

Measuring junction (MJ) was placed into a measuring point to sense the
temperature at that point. There are some desired properties from a measuring
junction such as good electrical contact, low electrical resistance, and high
mechanical strength. Welding, soldering, brazing, or twisting is some manufacturing
processes for MJ. In this study, twisting method was used.

The other end of the thermocouple is replaced into a small oil-filled tube,
which is placed into ice-water mixture to supply 0 °C reference junction (RJ). Copper
wires were used to connect to measurement instrument.

The electromotor-force (emf) produced by the thermocouples is in the level
of mV and measured by a data logger. The data stored in the computer in the form of
mV was later converted to degree Celsius using the calibration curve shown in

Figure 3.7, and a FORTRAN program was written and given in Appendix A.

Various reading on the system was performed using a data logger (P.A. Hilton
Ltd). The measured parameters are outputs of the thermocouples and voltage and
current transducers. The data logger’s interface is a multi channel analog and digital
unit with both input and output capability. Command and data are transfer via 8
wires RS 232 serial link using ASCII character string sent and receive by a

controlling computer as shown in Figure 3.8.
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Figure 3.7. Calibration curve for K type T/C used in the experiments

Figure 3.8. Data logger system used in the experiments
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The thermocouples were fixed to the workpiece by using eight special screws
which was arranged not to damage thermocouple during the measurement. Mounting

condition of the thermocouples to the workpieces is shown in Figure 3.9.
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Figure 3.9. Thermocouple mounting position for temperature distribution

3.1.9. Optical Microscopy

Optical microscopy was used to examine the upper width (UW), upper height
(UH), penetration (P) and area of penetration (AP) structures of the welded
specimens. The workpieces were sectioned to produce specimens for optical
microscopy. These specimens were cleaned and polished using different grades of
abrasive paper and diamond paste. The specimens were etched using the Marble’s
etchant media given in Table 3.4. On completion of etching process, the specimens
were rinsed in clean water to remove chemicals and stop any reactions from
proceeding further. After specimens were water rinsed, they were cleaned in ethanol

(C,HsOH) solution and then dried.

Table 3.4. Etching reagents for austenitic stainless steels

Etching Composition CuSO, HCI H,SO, Etching time
(Marble’s region) (9) (ml) (ml) (sec)
CuSO, + HCI + H,SO4 8 20 5 65

In macro examinations of the specimens MOTIC stereo microscope with
image capture device mounted on top of the lens section of the microscope. The

special apparatus was used in order to place the etched specimen under the
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microscope. The specimens were placed in the middle part of the apparatus and

placed under the microscope. Then, the related measurements were established.

3.1.10. Microhardness Tests

The specimens prepared for optical microscopy were reused for the
microhardness measurements. These were performed on SHIMADZU HV2000 type
microhardness tester. A hardness Vickers (HV3p) microhardness tester with an
objective lens of 50X was used. The indenter was pyramid with an angle of 136°
between the opposite faces. The measurements were taken under a 30g load.
Readings were taken at various points along the cross section of welding zone. In
order to eliminate the effect of indentations, the readings were taken by allowing at
least two widths of Vickers indentations apart. Microhardness measurements were
then used to study the variation in the hardness throughout the thermally influenced

layers.

3.1.11. Weld Pool Shape Analysis

The specimens prepared for optical microscopy were also used to examine
weld pool shape. Macrographs were taken of each cross section using stereo
microscope with 50X lens. The weld pool profile was outlined by using Image-pro
Plus 4.5 and NIH ImageJ softwares from the micrographs. The spatial calibrations
were made on the macrographs before the measurement. Heat affected zone on the
top section of the etched samples was measured with a sensitivity of 0.01. The line
drawing of the pool profiles upper width (UW), upper height (UH), penetration (P)

and area of penetration (AP) were then measured on the outlined profile.
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3.2. Method

3.2.1. Design, Analysis and Optimization of the Experiments

The purpose of product or process development is to improve the performance
characteristics of the product or process relative to customer needs and
expectations. The purpose of experimentation should be to understand how to reduce
and control variation of a product or process; subsequently, decisions must be
made concerning which parameters affect the performance of a product or process

(Ross, 1995).

A designed experiment is the simultaneous evaluation of two or more factors
(parameters) for their ability to affect the resultant average or variability of
particular product or process characteristics. To accomplish this in an effective and
statistically proper fashion, the levels of the factors are varied in a strategic manner,
the results of the particular test combinations are observed, and the complete set of
results is analyzed to determine the influential factors and preferred levels, and
whether increases or decreases of those levels will potentially lead to further
improvement. It is important to note that this is an iterative process; the first round
through the design of experiments (DOE) process will many times lead to
subsequent rounds of experimentation. The beginning round, often referred to as a
screening experiment, is used to find the few important, influential factors out of
the many possible factors involved with a product or process design. This
experiment is typically a small experiment with many factors at two levels. Later
rounds of experiments typically involve few factors at more than two levels to

determine conditions of further improvement.

The DOE process is divided into three main phases which encompass all
experimentation approaches. The three phases are; the planning phase, the

conducting phase, and the analysis phase (Ross, 1995).

The planning phase is by far the most important phase for the experiment to

provide the expected information. An experimenter will learn something from
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any experiment; sometimes the information is in a positive sense and sometimes in
a negative sense. Positive information is an indication of which factors and which
levels lead to improved product or process performance. Negative information is an
indication of which factors don't lead to improvement, but no indication of which
factors do. If the experiment includes the real, yet unknown, influential factors
and appropriate levels, the experiment will tend to yield positive information. If
the experiment does not include the real influential factors, the experiment will
yield negative information. The planning phase is when factors and levels are select-
ed and, therefore, is the most important stage of experimentation. Also, the
correct selection of factors and levels is nonstatistical in nature and is more
dependent upon product and process expertise.

The second most important phase is the conducting phase, when test results
are actually collected. If experiments are well planned and conducted, the analysis
is actually much easier and more likely to yield positive information about factors
and levels.

The analysis phase is when the positive or negative information
concerning the selected factors and levels is generated based on the previous two
phases. The analysis phase is least important in terms of whether the experiment
will successfully yield positive results. This phase, however, is the most
statistical in nature of the three phases of the DOE by a wide margin. Because of
the heavier involvement of statistics, the analysis phase is typically the least

understood by the product or process expert (Ross, 1995).

3.2.1.2. Response Surface Methodology (RSM)

In the early stages of experimental work, experimenters typically use
screening experiment designs that normally consist of trials run at the extreme lower-
and upper-bound level setting combinations of the variable study ranges. They
provide information on the direct additive effects of the study variables and on

pairwise (two-variable) interaction effects. Screening designs enable experimenters
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to select the best materials and equipment from available alternatives and to focus on
the correct variables and ranges for further study.

In the later stages of the experimental work, the goal shifts from screening to
product and process optimization. The statistical experiment designs most widely
used in optimization experiments are termed "response surface designs." In addition
to trials at the extreme level settings of the variables, response surface designs
contain trials in which one or more of the variables are set at the midpoint of the
study range (other levels in the interior of the range may also be represented). Thus,
these designs provide information on direct effects, pairwise interaction effects and
curvilinear variable effects. Response surface methodology (RSM) is the
combination of mathematical and statistical techniques used in empirical study of
relationships and optimization, where several independent variables influence a
dependent variable or response, the goal being to secure the optimal response. In
applying the RSM, the response or dependent variables influence on an independent
variable is viewed as a surface to which a mathematical model is fitted. The eventual
objective of the RSM is to determine the optimum operating conditions for the
system or to determine a region of the factor space in which the operating conditions
for the system or to determine a region of the factor space in which operating

requirements are satisfied (Design Expert, 2003).

3.2.1.3. Central Composite Design (CCD)

Most practitioners of RSM generate experiment designs and analyze their
data using a statistical software program running on a computer. Many of these
programs can generate many classes of RSM designs and, in some cases, offer
several varieties of each class. However, the central composite design is the most
popular of the many classes of RSM designs due to the following three properties
(Design Expert, 2003):

e A central composite design (CCD) can be run sequentially. It can be

naturally partitioned into two subsets of points; the first subset estimates

linear and two-factor interaction effects while the second subset estimates
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curvature effects. The second subset need not be run when analysis of the
data from the first subset points indicates the absence of significant
curvature effects.

e CCDs are very efficient, providing much information on experiment
variable effects and overall experimental error in a minimum number of
required runs.

e CCDs are very flexible. The availability of several varieties of CCDs
enables their use under different experimental regions of interest and
operability.

A second-order model can be constructed efficiently with central composite

designs (CCD). CCDs are first-order (2") designs augmented by additional centre and
axial points to allow estimation of the tuning parameters of a second-order model.

Figure 3.10 shows a CCD for 3 design variables.
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Figure 3.10. Central composite designs for 3 design variables at 2 levels
(Design Expert, 2003)

As shown, in Figure 3.10, the design involves 2" factorial points, 2" axial
points and 1 central point. CCD presents an alternative to 3" designs in the
construction of second-order models because the number of experiments is reduced

as compared to a full factorial design (15 in the case of CCD compared to 27 for a
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full-factorial design). Hence, in the case of problems with a large number of designs
variables, use of central composite design may be time-consuming.

In most statistical software programs, there are three main varieties of CCD.
These are face-centered, rotatable (circumscribed) and inscribed CCD. Many
experimenters are uncertain about the best variety to use in a given study. To make
the right selection, the differences between these varieties should be understood in
terms of the experimental region of interest and region of operability, according to
the following definitions.

i. Region of interest: A geometric region defined by lower and upper limits
on study-variable level setting combinations that are of interest to the experimenter.

Ii. Region of operability: A geometric region defined by lower and upper
limits on study-variable level setting combinations that can be operationally achieved
with acceptable safety and that will output a testable product.

Figure 3.25 presents a face-centered CCD for two study variables: time and
temperature. Both coded and natural variable level settings for time and temperature
are shown in the figure. The design consists of a center point, four factorial points
(the intersection points of the =1 coded variable bounds) and four axial points (points
parallel to each variable axis on a circle of radius equal to 1.0 and origin at the center
point). The dots in Figure 3.11 identify the variable level setting combinations that
constitute the nine design points (experiment runs).

The radius, designated o, determines the geometry of the design region. An a
of 1.0 defines a square design geometry (a cube for three variables, a hypercube for
four or more variables, etc.). As the value of a increases, the axial points extend

beyond the faces of the square and the design region becomes more spherical.
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Figure 3.11. Two-variable face-centered CCD (Design Expert, 2003)

To successfully carry out any designed experiment, the region of operability
must encompass the region of interest. In this example, this means that the process
must be able to be operated at all time and temperature level setting combinations in
the region of interest described by the variable ranges. Therefore, the first step in
selecting the right variety of CCD is to compare the region of interest to the region of
operability. If the process cannot be operated at one or more of the extremes of the
region (in this case the corners of the square), then a face-centered CCD is
inappropriate.

Rotatable (circumscribed) designs are the original form of the central
composite design. Figure 3.12 presents a rotatable CCD for time and temperature
using the previously defined lower and upper variable bounds. As the Figure 3.12
shows, the rotatable CCD uses an o value of 1.4 to describe a circular design
geometry (a sphere for three variables, a hypersphere for four or more variables,

etc.).
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Figure 3.12. Two-variable rotatable (circumscribed) CCD (Design Expert, 2003)

For a given number of variables, a value required to achieve rotatability is

1
computed as o = [2"% where n is the number of study variables or factors.

Rotatability refers to the uniformity of prediction error. In rotatable designs, all
points at the same radial distance (r) from the center point have the same magnitude
of prediction error. In most rotatable designs the factorial points and axial points lie
on different concentric geometric spheres and thus have different magnitudes of
prediction error. For example, in the 2° rotatable CCD, the factorial points are
located on a sphere of radius 1.73, while the axial points are located on a sphere of
radius 1.68. Setting o to 2" changes the design from a rotatable CCD to a spherical
CCD. In spherical CCDs, all design points occur on the same geometric sphere.
These designs are not exactly rotatable, but they are near-rotatable.

The value of making rotatability (or near-rotatability) a design goal becomes
clear when you consider that the location of the optimum point within the region of
interest is not known before the experiment is conducted, so it's desirable that all
points a given distance (r) from the center point in any direction have the same
magnitude of prediction error.

Relative to the a value of 1.0 in the face-centered design, the rotatable design
a value of 1.4 has extended the design region beyond the defined variable bounds.

Thus, predicted responses at or near the axial points, which would have been
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extrapolations in a face-centered design, are within the design region in rotatable
design. This is an important consequence, because the magnitude of prediction error
increases geometrically with distance outside the design region.

However, extending the axial points beyond the defined variable bounds
when using rotatable CCDs requires operating the process at five level settings of
each variable. The face-centered CCD, in contrast, requires operating the process at
only three level settings of each variable. This makes the face-centered CCD a
simpler design to carry out.

Figure 3.13 presents an inscribed CCD for time and temperature, again using
the previously defined lower and upper variable bounds. The inscribed CCD also
uses an o value of 1.4 to describe a circular geometric region (a sphere for three
variables, a hypersphere for four or more variables, etc.). However, inscribing
restricts the actual design region to the defined variable ranges by locating the axial
points at the lower and upper bounds of the variable ranges. The factorial points are
brought into the interior of the design space (inscribed) and set at a distance from the
center point that preserves the proportional distance of the factorial points to the axial
points. For example, given a rotatable CCD for two variables (o = 1.4) with coded
variable bounds of 1, the factorial points would range between -1 and +1 and the
axial points would range between -1.4 and +1.4. In the corresponding inscribed
design, the factorial points would range between -0.7 and +0.7 and the axial points
would range between -1 and +1 (Garcia, 1995).

As a summary, the inscribed option is a convenient way to generate a
rotatable CCD that enables to study the full ranges of the experiment variables while
excluding nonallowable operating conditions at one or more of the extremes of the
design region. Face-centered CCD, should be used whenever the region of
operability encompasses the full region of interest as described by the variable ranges
or when nonallowable operating conditions exist at only one of the extremes of the

design region.
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Figure 3.13. Two-variable inscribed CCD (Design Expert, 2003)

In rotatable and near-rotatable CCDs, each experiment variable is represented
at five levels. The face-centered CCD requires only three levels of each experiment
variable, making it the simplest variety of CCD to carry out as well as the least prone
to corruption due to sources of experimental error associated with setup and
operation. Compared to face-centered CCDs, rotatable or near-rotatable CCDs offer
reduced prediction error for, and improved estimation of, quadratic (curvature)
effects. However, given a reasonable magnitude of overall experimental error, say a
5-percent RSD, these benefits do not outweigh the added complexity of requiring
each variable to be run at five levels (Design Expert, 2003).

3.2.2. Design Expert 6.0 Software Package

In this study, for the design of experiments (DOE), analysis and optimization
of the process, version 6.0 of Design Expert software was used. Design-Expert
software features and analyzes two-level factorial, general (multilevel) factorial,
fractional factorial, Taguchi orthogonal arrays, Plackett-Burman, and combined
mixture/process designs, as well as response surface methods (RSM) analysis for up
to 10 process factors or 24 mixture components. Software offers powerful evaluation

capability for generations of various statistical measures on the design matrix. The
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analysis includes standard ANOVA as well as various diagnostic plots on the
residuals. The regression engine handles up to a full cubic polynomial model with
forward, backward or stepwise algorithms. The program generates 2D contour plots
and rotatable 3D graphs. The program's numerical optimization function finds the
most desirable factor settings for up to 12 responses simultaneously. Unique tools for
generating and graphing propagation of error (POE) make it possible to reach goals
for reducing variation (Design Expert, 2003).

Design of experiments (DOE) methods use probability and statistics to define
the minimum number of experiments needed to identify significant cause-and-effect
relationships between a given number of factors and one or more responses.
Mathematically, DOE methods are well developed to identify efficient experimental
designs. The three major components of DOE are design, analysis, and optimization.
The strength of Design Expert 6.0 is the ease with which these tasks can be carried
out and the usefulness of information provided in the displays. Principally, program
provides many powerful statistical tools (Design Expert, 2003).

e Standard two-level full and fractional factorials (up to 256 runs) for testing
up to 15 factors simultaneously, now also with minimum aberration
blocking choices.

e General (multilevel) factorial designs (up to 32,000 runs) using factors
with mixed levels.

e Taguchi orthogonal arrays.

e High-resolution irregular fractions, such as 4 factors in 12 runs.

e Placket-Burman designs for 11, 19, 23, 27 or 31 factors in 12, 20, 24, 28 or
32 runs respectively.

e Response Surface Method (RSM) designs, including central composite
(small, face-centered, etc.), Box-Behnken (3-level), hybrid and D-optimal.

e Mixture designs, such as simplex-lattice, simplex-centroid screening (for
up to 24 components) and D-optimal.

e Combined mixture and process designs.

e Ability to graph any two columns of data on the XY graph (this is a great

way to view a blocked effect)
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e FEasy-to-use automatic or manual model reduction.

o Ability to easily analyze designs with botched or missing data.

3.2.2.1. Design of Experiments (DOE)

The underlying goal of this study is to determine the effect of TIG weld
parameters on the weld bead geometry and quality of the welded joints. In this study,
rotatable (circumscribed) central composite design of Response Surface
Methodology was chosen for the design of experiments. For this purpose, initially
upper and lower values of the experiment factors (process parameters), given in

Table 3.5, were determined for the temperature and weld pool measurements in TIG

welded AISI 304 1.6 mm stainless steel sheets.

Table 3.5. Lower and upper values of experiment factors

. Minimum Maximum Low level High level
Factors Units
value value (-1) (+1)
Welding speed mm/s 1.0696 3.5546 1.69 2.93
Current A 20 150 52 117
Gas flow rate 1/min 8 12 9 11
Gap mm 1 4 1.75 3.25

Number of factors and their low level (-1) and high level (+1) values were

then entered as seen in Figure 3.14.

Mame Unit= Loy Hicih
W (mmsz) 1 58 245
[ (&) 52 117
F (limin] g 11
o £ 175 523

Figure 3.14. Design expert response surface design tab

As shown in Figure 3.15 at the bottom of the central composite design form

type of the design were set to “Full” and value of blocks were entered 1 since all test
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specimens were manufactured from the same block of brass and the number of
experiments were given by software. The default selection of “Alpha” set at 2 in

coded units is the axial distance from the center point and makes the design rotatable.

[ Factar randes entered in terms of alpha

Type: [Ful | Blocks |1t~

Point=

Mot center points 72
Center points 18

alpha = 2 Options... |E":' experiments

Figure 3.15. Central composite design dialog box

Then the program asks for the number of the responses and their definitions
together with units as shown in Figure 3.16.

After identifying the names and units of the responses, to get the design
layout of experiments, the continue button was pressed and then completed design
layout was given by program as seen in Figure 3.17. The four columns on the left of
the design layout identify the experimental runs. Experimental runs were randomized
by Design Expert. Three columns at the right side of these columns identify the

values of the process parameters at each experiment.

Responses. |6 -
Marme itz

TL Ckt

H&Z [mim)

by (]

JH (M)

P [mim)

ap Iminz2

Figure 3.16. Completed response form
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After completing experiments according to the design layout given by Design
Expert, the values of responses were entered to the columns and then analysis and
optimization of the results were carried out. Analysis and optimization of each

response were made separately.

Factor 1 Factor 2 Factor 3 Factor 4 Response 1 | Response 2 | Response 3 [Response 4 Response 5| Responze 6

Std|Run| Block AN Bl CF DG TL HAE iy LUH F AP

kot ITim Iim ITim mm mmz2
2 1 Block 1 23 G300 10,00 240 1100 412 576 o1& 1.06 G55
26 2 Block1 153 10.00 10,00 240 Tan 255 422 o.og 075 45
10 3 Block1 23 G300 10,00 240 1100 414 562 014 1.06 G55
3 4 Block1 1.07 20.00 g.00 1.00 30 34 ERES 04 0.9a B.05
11 5 Block1 107 20.00 &.00 4.00 1000 348 533 o.os 0.94 611
40 & Block 1 0.51 30.00 10.00 250 1150 5496 456 01z 1.06 §.33
22 7 Biock1 23 G300 10,00 240 1100 412 562 017 1.03 G.08
17 & Block 1.53 30.00 10.00 0.50 1173 4.03 552 0.z 1.08 £.33
34 8 Block1 153 30.00 5.00 240 1200 4352 62 o.os 0.91 G35
14 10 Block 1 1.07 40.00 g.00 4.00 1100 5.56 7I2 018 116 T
16 11 Block 1 245 30.00 10,00 240 |00 31 563 0.0a 0.4a7 343
112 Block 1 1.499 20.00 g.00 4.00 a7s 268 553 0.03 0.86 576
12 13 Biock1 153 30.00 14.00 240 1023 4 562 0zz 1.02 522
39 14 Block 1 1.07 40.00 12.00 1.00 1150 523 742 022 1.08 7.52
G 13 Block1 107 40.00 &.00 1.00 1123 544 769 o1& 1.08 748
21 16 Block 1 2.3 85.00 10.00 250 1150 413 596 018 0496 T
& 17 Block1 188 20.00 1200 1.00 1030 254 545 o.os 04 a5
30 18 Block 1 1.53 30.00 10.00 5.50 a7s 4.43 65 013 073 6.75
3118 Block1 188 40.00 &.00 1.00 1130 4 66 7. 01z 1.02 708
13 20 Block 1 2.3 §5.00 10.00 250 1050 414 578 016 1.06 6.23
321 Block1 107 40.00 1200 4.00 1123 553 789 o0z 112 TE2
28 22 Block 1 1.53 50.00 10.00 250 1250 532 723 023 1.1 711
27 23 Block1 189 40.00 1200 1.00 1023 473 70z 016 1.05 T2
7 24 Blockd 1.89 40.00 12.00 4.00 1050 439 T2 013 0.43 723
23 2% Block1 107 20.00 1200 1.00 1000 326 503 015 0.485 601
18 26 Block 1 1.89 40.00 §.00 4.00 1000 4.94 728 013 1.03 726

Figure 3.17. Some part of design layout (Partially shown)

3.2.2.2. Optimization of TIG Welding Process Parameters

3.2.2.2.1. Selection of Function and Constraints

The objective functions selected for optimization were the TL, HAZ, UW,

UH, P, AP. The area in which the solution for the function lies decreases as the

number of constraints increases. Therefore, the mentioned parameters were given
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as constraints in their equation form. In optimization, generally the constraints
with their upper limits should be given in such a way that their value will be less
than or equal to the related value. Also, the function, as well as the constraint
functions, will usually be minimized or maximized.

To obtain a strong weld in any application, it is always desirable to have
maximum tensile load, depth of penetration and area of penetration with minimum
heat affected zone, upper width and upper height without sacrificing other bead

qualities.

3.2.2.2.2. Optimization of the Objective Function

The main purpose of this study is to minimize and maximize the total weld
quality characteristics mentioned above with their limits as constraints. The model
is a nonlinear equation with constraints. The constrained optimization of a scalar
function of several variables at an initial estimate, which is referred as

“constrained nonlinear optimization,” is mathematically stated as the following:

Maximize Minimize
TL(V,LF,G)>X, HAZ(V,LF,G)<X,
P(V,LF,G)>X;s UW(V,LF,G)<X;
AP(V,LF,G)>Xs UH(V,LF,G)<X,
subject to and subject to
HAZ(V,LF,G)<X, TL(V,LF,G)>X,
UW(V,LF,G)<X; P(V,LF,G)>X;
UH(V,LF,G)<X4 AP(V,LF,G)>X¢

Where, X, is the upper limit of each constraint.

The limits of the constraints were established by data obtained from the
unconstrained optimization with a view that they should provide a feasible
solution to the objective function. Also, the constraints were given in the form of
equations. Several numerical methods are available for optimization of nonlinear

equations with constraints.
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3.2.2.2.3. Optimization with Design Expert 6.0

The optimization module in Design-Expert searches for a combination of
factor levels that simultaneously satisfy the requirements placed on each of the
responses and factors. Optimization of one response or the simultaneous
optimization of multiple responses can be performed graphically or numerically.

Numerical Optimization optimizes any combination of one or more goals.
The goals may apply to either factors or responses. The possible goals are: maximize,
minimize, target, within range, none (for responses only) and set to an exact value
(factors only). A minimum and a maximum level must be provided for each
parameter included in the optimization. A weight can be assigned to a goal to adjust
the shape of its particular desirability function. Desirability is an objective function
that ranges from zero outside of the limits to one at the goal. A value of "1"
represents the ideal case; a value of "0" indicates that one or more responses fall
outside desirable limits. The numerical optimization finds a point that maximizes the
desirability function. The characteristics of a goal may be altered by adjusting the
weight or importance. For several responses and factors, all goals get combined into
one desirability function. The default value of one creates a linear ramp function
between the low value and the goal or the high value and the goal. Increased weight
(up to 10) moves the result towards the goal. Reduced weight (down to 0.1) creates
the opposite effect. The "importance" of a goal can be changed in relation to the
other goals. The default is for all goals to be equally important at a setting of 3 pluses
(+++). If it is necessary one goal to be most important, importance value can be
changed to 5 pluses (+++++) (Design Expert, 2003).

For this study, the goals of the factors were obtained between their lower (-1)
and upper (+1) values. Before the optimization module, the goals for the responses

were selected according to the Table 3.6.
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Table 3.6. Goal criteria appointment for the responses

Condition Response Goal
TL maximize

HAZ in range

uw in range

! UH in range
P maximize

AP in range
TL maximize
HAZ minimize
Uuw minimize

2 UH in range
P maximize

AP in range
TL maximize
HAZ minimize
Uuw minimize
’ UH minimize
P maximize
AP minimize

3.2.2.2.4. Optimization with Language for

Optimization (LINGO)

Interactive General

Language for Interactive General Optimization (LINGO) is a simple tool for

utilizing the power of linear and nonlinear optimization to formulate large problems

concisely, solve them, and analyze the solution. Optimization helps us to find the

answer that yields the best result; attains the highest profit, output, or happiness; or

the one that achieves the lowest cost, waste, or discomfort. Often these problems

involve making the most efficient use of our resources including money, time,

machinery, staff, inventory, and more. Optimization problems are often classified as

linear or nonlinear, depending on whether the relationships in the problem are linear

with respect to the variables.
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In this study, since all of the response equations are nonlinear, programs
were written using LINGO nonlinear programming technique (NLP) with Global
(GO) optimization method to optimize the welding parameters and responses and to

solve the nonlinear equations with constrained and unconstrained.

3.2.2.3. Weld Pool Shape Model and Prediction

3.2.2.3.1. Development of Mathematical Model and Prediction

Weld pool geometry which includes penetration, bead height and bead width
are important physical properties of a weldment. It is said that the cooling rate of a
weld can be predicted from the weld cross-sectional area and the arc-travel rate. The
weld pool cross-sectional area together with its height and width affects the total
shrinkage, which determines largely the residual stresses and thus the distortion.
When welding brittle materials like cast iron, the shrinkage may give rise to crack
formation.

Several welding parameters seem to affect the bead geometry. Since the weld
bead results from the solidification of liquid metal, the interfacial tensions play a
significant role in determining the ultimate bead geometry. Summarizing, it can be
stated that the weld pool geometry and penetration affect the weldment
characteristics and are dependent on a number of welding variables.

In the present investigation an attempt was made to study and predict some
of the weldment characteristics such as upper height, upper width, heat affected
zone, penetration and area of penetration, as it was affected by welding parameters
like arc length, welding speed rate, welding current, gas flow rate and gap distance.

For a fairly limited number of weld trials it can be concluded that high
correlations can be achieved by using prediction program when predicting bead
width, bead height, penetration and area of penetration for single butt welds, 1.2
mm, in AISI 304 stainless steel.

Knowing the values of these shape parameters may be sufficient for certain

applications, but they do not provide an actual predicted weld pool profile. Such a
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predicted cross-sectional profile would allow for a visual means of assessing the
accuracy in the profile predictions and also allow for a visual means of evaluating the
effect of process parameters on the weld pool shape. To address this need for
predicting the actual weld profiles, a program was written in MATLAB

programming language to convert the predicted shape parameters into a weld profile.

3.2.2.3.2. Neural Network Analysis (NN) and Prediction

Neural networks are a highly flexible modeling tool with an ability to learn
the relationships between input variables and output feature spaces. Neural Networks
are superior to traditional approaches in modeling manufacturing processes with
highly non-linear, strongly coupled characteristics. A network structure consists of
layers of three types of nodes: input nodes, hidden nodes, and output nodes (George,

2001). Schematic diagram of neural network used in this thesis is shown in Figure

3.18.

IDDEM LAYERS

Figure 3.18. Configuration neural network used in the experiments
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In principle, the hidden layer can consist of multiple sublayers. In this study
five layers of hidden nodes were considered. The number of input and output nodes
(four and six respectively in the schematic diagram of Figure 3.18) represent the
input and output variables. When applied to the problem of weld pool shape
prediction as a function of weld process variables, the four input nodes correspond to
the four process variables (welding speed, arc current, gas flow rate, arc gap).

The number of hidden nodes is adjustable and is optimized for maximum
predictive accuracy, as described below. The nodes are connected to each other so
that the value of one node in one layer will affect the value of another node in the
next higher layer. The relative influence that a given node has is specified by the
“weight” that is assigned to each connection. The different weights for the node
connections are shown schematically in Figure 3.18 by different line colors. The
network is based on the following sequence of steps:

e convert input values V; to normalized inputs 1,
e sum all (weighted) input contributions to each hidden node S,

e convert each sum to a hidden node value H; using a transfer function,
e sum all (weighted) hidden node contributions to each output node S,

e convert each sum to a normalized output value O, using a transfer

function,

e convert normalized outputs to real output values V, .

The nomenclature for the above variables uses the following conventions.
Real variables are denoted by V while neural network variables are given by I, H, or
O, for the input, hidden, and output layers respectively; S denotes the summed input
to a node. The subscripts 1, j, and k refer to the individual nodes in the input, hidden,
and output layers respectively. The summed input to a node is converted by a transfer
function to an output value at the same node. In the present investigation, a sigmoidal
function was used as the transfer function. The sigmoidal function at the hidden

nodes would be:

H, =[1+exp(—Si)]_1 (3.1)
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This function has the property that for summed input values in the vicinity of
zero, the transfer function behaves linearly with respect to the input, whereas at the

extreme values of the summed input (— oo and+ o ) the transfer function approaches

limiting values (0 and 1 respectively). As a result, unlike linear regression analyses,
the neural network develops a non-linear relationship between the inputs and the
outputs.

The neural network analysis involves training of the network using a training
data set to learn the relationships between the inputs and the outputs and thereby
achieve optimal accuracy. Training takes the form of adjusting the weights
(connections) between the nodes in the different layers. Once the optimal neural
network weights are determined, the process of calculating the outputs from a set of
inputs is a rapid and trivial task and can be accomplished in a simple spreadsheet
format, for example. Neural network training is carried out with the use of a training
data set that contains sets of inputs and corresponding, experimentally determined
outputs.

The neural network is developed by comparing the predicted output values
with the actual outputs and, using an optimization scheme, adjusting the weights to
minimize the prediction error. Through the learning process, which involves
thousands of iterations, a complex relationship between the inputs and output can
evolve, but it is based on the experimental data that were provided. Eventually, with
minimal influence from the user, the network learns a scheme in which outputs are
associated with the inputs.

In the present analysis of the thesis, a feed-forward network with a back-
propagation network scheme was utilized. In this study to obtain an accurate model
ninety train data and forty-seven test data were used to construct and optimize the

model.

3.2.3. Temperature Distribution during Multipass TIG Welding

Due to the intense concentration of the heat in the heat source of TIG

welding, the regions near the weld line undergo severe thermal cycles. The thermal
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cycles cause non-uniform heating and cooling in the material, thus generating
inhomogeneous plastic deformation, residual stresses, heterogen microstructure
(especially when welding austenitic stainless steels), warped weld pool geometry.
The presence of residual stresses can be detrimental to the performance of the welded
products. Tensile residual stresses are generally detrimental, increasing the
susceptibility of a weld to fatigue damage, stress corrosion cracking and fracture.

Stainless steel plates of different thicknesses are used in the industry and
thicker plates are normally joined by multipass welding. In a multipass welding
operation, the number of thermal cycles that the material undergoes during welding
is same as the number of passes, and with each pass, the residual stress in the regions
adjoining the weld, after each pass of welding.

Very limited experimental data is available regarding temperature distribution
during multipass welding of plates in the literature. Experimental work was carried
out to find out the temperature distribution during multipass welding of stainless
steel plates.

Two plates of size 150x120 (thickness of 8 and 10 mm) which would form a
single V-groove (60°) joint between them were used during the experiment to make a
finished weld pad. The two plates to be welded were tightened on the welding table
with a clamping device to prevent any lack of rigidity under the welding torch which
is connected to the welding robot.

Thermocouples were fixed in the middle region of the plate, at mid plane
level. Temperatures were measured at different distances from the weld pad centre
line on both the left and right side plates of the weld pad. The dimensional details of
plates used in the experiments and the positions where thermocouples were fixed are

shown in Figure 3.19.
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Figure 3.19. Schematic representation of workpieces used for the temperature
distribution experiments

The TIG welding parameters used in this study are listed in Table 3.7. The
selection of welding parameters were made on the basis of the workpiece material to
be welded and thickness.

99.99% pure argon gas was used as a shielding gas in the experiments with
the given flow rate in Table below. A time gap of 2 min was waited between the
each passes. This duration was utilized to ensure that the thermocouple connections

to the workpieces were not disturbed during the welding.
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Table 3.7. Welding parameters during multipass welding

Material | Thickness | Current Electrode Gas flow Pass Welding speed

(AISI) (mm) (A) diameter (I/min) number (mmis)

(mm)
1.785

1.612

8 160 12 538

1.351

1.923

304L 24 1785

10 180 15 1.612

1.538

1.351

1.190

1.785

1.612

8 160 12
1.538

1.351

1.923

24
3161 1.785

10 180 15 1.612

1.538

1.351

N[N | |[WIIN =R |WIN [N W= [W (N~

1.190

3.2.4. Effect of Electrode Tip Angle on Penetration and Weld Structure

The shape of the tungsten electrode tip is an important process variable in
TIG welding. Tungsten electrode may be used with variety of tip preparations. For
DC welding, thoriated, ceriated, or lanthanated tungsten electrodes are usually used.
Regardless of the electrode tip geometry selected, it is important that a consistent
electrode geometry should be used once a welding procedure is established. Changes
in electrode geometry can significantly influence the weld bead shape and size;
therefore, electrode tip configuration is a welding variable that should be studied
during the welding procedure development.

In this study DCEN type polarity and EWTh-2 thoriated tungsten electrode
with various tip angles, 8, (0° or 180°, 15°, 30°, 45°, 60°, 75°, 90°) and butt joint were

used to study the effect of tip geometry on the penetration and weld structure of the
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TIG welded 4 mm AISI 304 joints. The electrode geometry used in the experiments
with varying tip shape is shown in the Figure 3.20.

Figure 3.20. Electrode geometry and tip angles (€) used in the experiments

The welding parameters used to examine the effect of electrode tip geometry

on the microhardness of welded joints are shown in the Table 3.8.

Table 3.8. Welding parameters used to investigate the effect of electrode tip angle on
microhardness

. ; Electrode
hzlztlesrgd Thickness diameter Welding speed  Current Di(s%[Zfl ce G(T/Sngg;‘/
(mm) (mm) (mm/s) (A) (mm)
304 4 2.4 1.923 80 2 8

3.2.5. Effect of TIG Welding Process Parameters on Microstructure

Microhardness and Weld Pool Shape

The primary variables in TIG welding as explained in previous sections are;
arc gap, welding current, travel speed, and shielding gas flow rate. The amount of
energy produced by the arc is proportional to the current and arc gap (voltage). The
amount transferred per unit length of weld is inversely proportional to the travel
speed. However, because all of these variables interact strongly, it is impossible to
treat them as truly independent variables when establishing welding procedures for
fabricating specific joints.

Series of experiments under the different welding conditions were established
in order to investigate the effect of welding parameters on the weld bead geometry,

microstructure, and microhardness. The electrode material, tip geometry and
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thickness were kept constant as EWTh-2 thoriated, 45°, and 2.4 mm respectively,

whereas the others were altered in accordance with the Table 3.9 given below.

Table 3.9. Process parameters and their levels

N(Iztlesr;? I Th('r;l;?; 53 Symbol Pzrr;r%eestZr Unit Levell Level2 Level3 Level4d
A Welding Speed mm/s  1.612 1.785 1.923 2.040

304 4 mm B Welding Current A 60 70 80 90

C Flow Rate 1/min 8 10 12 14

D Arc Gap mm | 2 3 4

Sixteen experiments are conducted to study the entire welding parameter
space. The experimental layout for the welding process parameters using the Lig

array is shown in Table 3.10.

Table 3.10. Experimental layout

Process Parameter Level

Experimen
nFl)Jembeer t .A . B c D
Welding Speed ~ Welding Current Flow Rate Arc Gap
1 1 3 1 2
2 2 3 1 2
3 3 3 1 2
4 4 3 1 2
5 3 1 1 2
6 3 2 1 2
7 3 3 1 2
8 3 4 1 2
9 3 3 1 2
10 3 3 2 2
11 3 3 3 2
12 3 3 4 2
13 3 3 1 1
14 3 3 1 2
15 3 3 1 3
16 3 3 1 4

3.2.6. Tension Test
A number of mechanical properties are used to characterize welds, including

strength, ductility, hardness and toughness. In general, the same samples and

procedures are used in other areas of metallurgy. However, a prominent concern
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regarding the mechanical performance of welds is the direct comparison with base
material. The goal is to ensure that the weld is not the weakest component of a
structure, or if it is, to compensate for this in the design.

The tension testing of welds is somewhat more involved than testing base
metal because a weld test section is heterogeneous; containing weld metal, heat
affected zone, and unaffected base metal. To obtain an accurate assessment of the
strength and ductility of welds, several different specimens and orientations may be
used. These are; All-Weld-Metal Test, Transverse Weld Test, Longitudinal Weld
Test.

In this section of the study, tensile test specimens were taken from the weld
bead according to the transverse tensile test method. Moreover, tensile test specimens
were prepared in such a way that the weld zones were centered in the gage length. At
the same time, heat affected zone and was placed in the gage length perpendicular to
the weld. The tensile test specimens were prepared in accordance with the TS 287

EN 895 Standard as shown in Figure 3.21.

T

| e — & —--
T
s 1
F=L 1]
Mlaterial Thickness Width
(AIST) t, (ram) w, (o)
304 12 14
304L 5 12

Figure 3.21. Tensile test loading condition of the welded samples
The welding parameters used in tensile test study are tabulated as shown in

Table 3.11. To examine the each welding parameter on the Tensile load of the joints,

workpiece and electrode material, and joint type (60° V-groove joint) kept constant
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whereas the others (welding current, welding speed, gap distance or arc length, gas

flow rate, electrode tip angle) were changed. For each level of process parameters

were matched with each other and then the samples were welded under two passes.

Table 3.11. Welding parameters for tensile test measurements

Material Thickness Process Unit Level Level Level Level Level Level Level
(AISID) (mm) Parameter 1 2 3 4 5 6 7
Welding s 153 1785 2040 2380 2.63 - -
Speed
Welding A 50 60 70 80 90 — —
304L Smm  cwrent
Flow Rate 1/min 4 6 8 10 12 - --
Arc
Gap mm 1 2 3 4 5 -- -
Tip Angle  Degree 0° 15° 30° 45° 60° 75° 90°
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4. RESULTS AND DISCUSSION

As a part of the study mathematical models were developed to relate the
process parameters and then the weld quality responses have been analyzed using the
developed models for TIG welding of 1.2 mm AISI 304 stainless steel.

The optimizations of the quality responses were carried out using the
optimization module of Design Expert 6.0 software and Language for Interactive
General Optimization (LINGO). The mathematical models thus developed for
optimization are also helpful in predicting the weld bead quality parameters and in
setting process parameters at optimum values to achieve the desirable weld quality
at a relatively low cost with a high degree of repeatability and increased production
rate.

The research works of this thesis were carried out in the following steps:

v Identifying the important process control variables,

v'Developing the design matrix,

v'Conducting the experiments as per the design matrix,

v'Recording the responses,

v'Developing the mathematical models,

v’ Calculating the coefficients of the polynomials,

v’ Arriving at the final mathematical models,

v'Checking the adequacy of the models developed and analysis of the
results,

v'Conducting the conformity test,

v'Presenting the direct and interaction effects of different process
parameters on bead geometry graphically,

v/ Analyzing the results.
The independently controllable process parameters affecting weld pool

geometry and the quality of the weld pool were welding speed (V), welding current
(I), shielding gas flow rate (F), gap distance or arc length (G). Also, quality
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responses or outputs were defined as tensile load (TL), heat affected zone (HAZ),
upper width (UW), upper height (UH), penetration (P) and area of penetration (AP).

Process parameters values (V, I, F, G) are defined by Design Expert 6.0
software which was used for the design of experiments. Rotatable (circumscribed)
central composite design (CCD) of Response Surface Methodology (RSM) was
chosen for the design of experiments.

Different experimental conditions for the ranges of welding speed, welding
current, gas flow rate and arc gap were defined by software. Each set of experiment
which was carried out by two replications was randomized. The experimental
conditions were collected in the program to develop design matrix as given in Table
4.1.

After completing the development of design matrix, the experiments were
conducted according to the design matrix and the welding responses were recorded

as given in Table 4.1.

Table 4.1. Design matrix and measured values for welding responses

Process Parameters Welding Responses
RUN \% | F. G TL HAZ UW UH P AP2
(mm/s) A (I/min) (mm) | (kgf) (mm) (mm) (mm) (mm) (mm°)
1 2.3101 85 10 2.5 1100 4.12 5.78 0.18 1.06 6.58
2 1.5311 10 10 2.5 750 2.55 4.22 0.09 0.75 4.6
3 2.3101 85 10 2.5 1100 4.14 5.82 0.19 1.06 6.55
4 1.0696 20 8 1 950 3.40 5.14 0.1 0.98 6.08
5 1.0696 20 8 4 1000 3.80 5.33 0.09 0.94 6.11
6 0.6081 30 10 2.5 1150 5.96 8.56 0.12 1.06 8.38
7 2.3101 85 10 2.5 1100 4.12 5.82 0.17 1.03 6.09
8 1.5311 30 10 0.5 1175 4.03 5.52 0.2 1.08 6.38
9 1.5311 30 6 2.5 1200 432 6.2 0.09 0.91 6.38
10 1.0696 40 8 4 1100 5.56 7.72 0.18 1.16 7.77
11 2.4541 30 10 2.5 900 3.10 5.63 0.08 0.97 5.43
12 1.9926 20 8 4 975 2.68 5.53 0.03 0.86 5.76
13 1.5311 30 14 2.5 1025 4.00 5.62 0.22 1.02 6.22
14 1.0696 40 12 1 1150 5.23 7.42 0.22 1.08 7.52
15 1.0696 40 8 1 1125 5.44 7.69 0.18 1.08 7.48
16 23101 85 10 2.5 1150 4.13 5.96 0.18 0.96 7.00
17 1.9926 20 12 1 1050 2.54 5.45 0.09 0.90 5.81
18 1.5311 30 10 5.5 875 443 6.50 0.18 0.78 6.78
19  1.9926 40 8 1 1150 4.66 7.01 0.12 1.02 7.09
20 23101 85 10 2.5 1050 4.14 5.78 0.16 1.06 6.23
21 1.0696 40 12 4 1125 5.53 7.89 0.20 1.12 7.82
22 1.5311 50 10 2.5 1250 5.32 7.23 0.28 1.10 7.11
23 1.9926 40 12 1 1025 4.73 7.02 0.16 1.05 7.12
24 1.9926 40 12 4 1050 4.89 7.22 0.13 0.98 7.23
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Continue of Table 4.1

Process Parameters Welding Responses
RUN \ | F G TL HAZ UW UH P AP2
(mm/s) A (I/mn) (mm) | (kgf) (mm) (@Mmm) (mm) (mm) (mm")
25  1.0696 20 12 1 1000 3.26 5.03 0.15 0.95 6.01
26  1.9926 40 8 4 1000 4.94 7.28 0.13 1.03 7.26
27 23101 85 10 2.5 1100 4.13 5.79 0.18 0.96 5.18
28  1.0696 20 12 4 1025 3.53 5.22 0.19 0.90 5.98
29 19926 20 8 1 1100 2.55 5.48 0.09 0.92 5.53
30 1.9926 20 12 4 1000 2.78 5.64 0.10 0.89 5.63
31 1.9926 40 8 4 1230 3.79 9.08 0.09 0.94 7.87
32 2.5606 70 8 1 1227 4.63 9.02 0.18 1.17 8.80
33 1.9926 70 12 1 1265 5.10 8.12 0.11 1.24 8.60
34 22766 55 14 2.5 1287 4.45 7.12 0.08 1.23 7.10
35 22766 55 6 2.5 1237 443 7.88 0.06 1.18 7.03
36 23101 85 10 2.5 1375 4.45 7.98 0.07 1.25 7.97
37 22766 55 10 5.5 1245 452 8.53 0.15 0.98 4.38
38 2.5606 70 12 1 1265 4.60 8.26 0.16 1.20 7.20
39 2.8446 55 10 2.5 1230 3.20 7.86 0.09 1.06 5.54
40  2.5606 70 12 4 1212 478 8.39 0.17 1.00 8.00
41 22766 55 10 0.5 1320 4.39 6.36 0.14 1.11 5.80
42 1.9926 40 8 1 1275 3.35 8.36 0.10 1.13 8.30
43 2.2766 25 10 2.5 1050 2.54 5.90 0.02 0.80 5.30
44 2.3101 85 10 2.5 1380 4.45 7.99 0.08 1.25 7.98
45 23101 85 10 2.5 1375 4.44 7.98 0.08 1.23 7.95
46 23101 85 10 2.5 1375 4.45 8.00 0.07 1.25 7.98
47 25606 40 12 1 1300 2.98 5.98 0.04 0.95 5.02
48  2.5606 40 12 4 1235 3.06 6.54 0.08 0.87 5.63
49  2.5606 40 8 1 1300 2.99 5.90 0.03 0.93 5.42
50 1.9926 40 12 4 1275 3.6 7.72 0.10 0.95 6.56
51 23101 85 10 2.5 1375 4.44 7.98 0.08 1.25 7.98
52 2.5606 40 8 4 1225 3.08 6.42 0.04 0.89 5.48
53 2.3101 85 10 2.5 1380 4.46 7.98 0.08 1.22 7.99
54 2.5606 70 8 4 1325 4.79 8.45 0.15 1.14 7.20
55 2.2766 85 10 2.5 1300 5.61 9.51 0.25 1.14 9.19
56 1.9926 70 8 4 1250 5.35 8.96 0.14 1.19 9.06
57  1.7086 55 10 2.5 1325 5.00 8.84 0.08 1.15 8.98
58  1.9926 40 12 1 1280 3.40 7.17 0.09 1.10 7.90
59 1.9926 70 8 1 1300 5.10 8.57 0.17 1.27 7.34
60  1.9926 70 12 4 1260 5.30 8.63 0.12 1.17 8.55
61 2.3101 85 10 2.5 1000 6.5 7.66 0.11 1.18 7.56
62 4.0516 110 10 2.5 1150 4.82 7.21 0.15 1.10 7.63
63 2.3101 85 10 2.5 1020 6.44 7.66 0.11 1.18 7.56
64 3.0576 110 10 0.5 1030 5.2 6.86 0.19 1.21 7.62
65 2.5606 150 12 4 1050 7.8 10.56 0.18 1.21 9.69
66 2.3101 85 10 2.5 1100 6.43 7.66 0.11 1.18 7.56
67 3.5546 150 8 4 1000 6.8 8.87 0.08 1.18 6.98
68 3.0576 190 10 2.5 980 8.2 11.12 0.22 1.22 10.48
69  2.5606 70 8 4 1385 4.79 7.22 0.15 1.14 7.20
70 2.5606 150 12 1 1100 7.5 9.73 0.18 1.18 9.78
71 2.5606 70 8 1 1375 4.63 6.98 0.18 1.22 8.80
72 3.0576 30 10 2.5 900 3.8 4.35 0.09 0.89 5.23
73 3.5546 70 8 4 980 4.6 5.78 0.15 0.98 5.89
74 3.5546 70 12 4 950 4.4 5.75 0.18 0.99 5.78
75 2.3101 85 10 2.5 1000 6.52 7.66 0.11 1.18 7.56
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Continue of Table 4.1

Process Parameters Welding Responses

RUN \ | F G TL HAZ UW UH P AP2

(mm/s) A (I/mn) (mm) | (kgf) (mm) (@Mmm) (mm) (mm) (mm")

76 2.5606 70 12 1 1385 4.6 6.86 0.16 1.20 7.20
77 3.5546 150 12 4 975 6.5 8.78 0.09 1.19 6.86
78 2.5606 150 8 4 950 7.9 10.48 0.20 1.16 9.79
79 3.5546 150 8 1 1050 6.35 8.56 0.10 1.20 6.73
80 2.5606 150 8 1 1000 7.4 9.86 0.19 1.19 9.72
81 3.0576 110 6 2.5 1020 6.7 7.72 0.10 1.16 7.39
82 3.5546 70 12 1 1000 4.1 5.63 0.10 1.10 5.56
83 3.0576 110 10 5.5 975 7.2 8.23 0.09 0.98 6.98
84  3.5546 150 12 1 1050 6.3 8.5 0.09 1.21 6.79
85 3.0576 110 14 2.5 1020 6.2 721 0.14 1.19 7.67
86  2.3101 85 10 2.5 1050 6.5 7.66 0.11 1.18 7.56
87 2.5606 70 12 4 1385 4.78 7.23 0.17 1.00 7.98
88 2.0636 110 10 2.5 1250 6.8 9.93 0.18 1.21 7.88
89 3.5546 70 8 1 950 43 5.68 0.08 1.18 5.63
90 2.3101 85 10 2.5 1050 6.45 7.66 0.11 1.18 7.56

4.1. Direct Effects of Welding Parameters

4.1.1. Welding Speed

Welding speed is the linear rate at which the arc is moved along the weld
joint. The velocity of the welding torch affects not only the rate of solidification,
but also the shape of the weld pool and the propensity to develop centerline hot
cracks. The shape of the weld pool is dictated by the velocity at which the welding
torch moves and by the rate at which heat can be removed at the solid-liquid
interface. To keep a constant shape, the rate of new melting must be exactly
balanced by the solidification rate.

High welding speed has a negative effect on all the pool responses. This is
because, when V increases, the welding torch travels at a greater speed over the base
metal, resulting in a lower metal deposition rate on the joint. However, further
increase in welding speed imparts less heat input to the base metal. Thus, melting of
the base metal first increases and then decreases with increasing speed. As the speed
is increased further, there is tendency toward undercutting along the edges of the

weld pool, because there is insufficient melted metal to fill the path.
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4.1.1.1. Effect of Welding Speed on Tensile Load

Both welding speed and current influence the heat transfer to the parent
metal and hence size and shape of the melt region. The size and, especially, the
shape of the melt region in the TIG welding affect the tensile load and therefore,
the structure, penetration depth and quality of the resultant weld.

Arc penetration is usually inversely proportional to welding speed. At high
welding speeds due to the insufficient penetration, low tensile load was observed.
However, excessive slow welding speeds caused excessive penetration and flat weld
bead. As given in Figure 4.1, the maximum transverse tensile load of 1265 kgf was
obtained at 2.31 mm/s welding speed. Further increase in welding speed caused
sudden decrease in TL due to the insufficient heat input caused low deposition and

penetration.
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Figure 4.1. Effect of welding speed on tensile load required to cause fracture for
19.2 mm? area

146



4. RESULTS AND DISCUSSION Ugur ESME

4.1.1.2. Effect of Welding Speed on Heat Affected Zone

Welding velocity and hence heat flow during welding strongly affects the
width of the heat affected zone by raising the temperature of the parent metal
adjacent to the fusion boundary and, therefore, the microstructure and properties of
the resultant weld is changed. They all affect the mechanical properties of the
resultant joint either by causing a loss of tensile and impact strength, an increase in
hardness, or the formation of cracks.

As shown in Figure 4.2, when the welding speed was increased the width of
the heat affected zone decreased. At low welding speed of 1.07 mm/s, high heat
affected zone of 6.51 mm was obtained due to the high heat input rate. Also, at high
welding speed of 3.55 mm/s low heat affected zone of 4.83 mm was observed due to

the low heat input rate.
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Figure 4.2. Effect of welding speed on heat affected zone
4.1.1.3. Effect of Welding Speed on Upper Width
Both welding speed and current are directly responsible for any change in the

upper width. Their effects are the same as the heat affected zone. When heat

affected zone increases the upper width also increases. As shown in Figure 4.3,
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increasing welding speed decreased the upper height due to the low deposition effect
of insufficient heat input. The minimum 7.85 mm and maximum 9.51 mm upper

width values were obtained at 3.55 and 1.07 mm/s welding speeds respectively.
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Figure 4.3. Effect of welding speed on upper width

4.1.1.4. Effect of Welding Speed on Upper Height

Also, another negative effect of high welding speed is lowering the upper
height. Increasing welding speed decreased the upper height due to insufficient
melting rate of the base metal. As indicated in Figure 4.4, the minimum 0.10 mm
and maximum 0.21 mm upper height values were obtained at 3.55 mm/s and 1.07

mm/s welding speeds respectively.
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Figure 4.4. Effect of welding speed on upper height

4.1.1.5. Effect of Welding Speed on Penetration

From the view point of penetration, melting rate becomes significant.
Increasing welding speed decreased the penetration. Maximum penetration was
obtained at minimum welding speed. As shown in Figure 4.5, minimum 1.14 mm

and maximum 1.22 mm P values were obtained at 3.55 mm/s and 1.07 mm/s

welding speeds respectively.
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Figure 4.5. Effect of welding speed on penetration
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4.1.1.6. Effect of Welding Speed on Area of Penetration

Area of penetration is directly related to the depth and width of the
penetration. As the welding speed increased the area of penetration decreased
gradually because of the decreased penetration and width of the penetration. As
illustrated in Figure 4.6, the maximum value of 10.73 mm? and minimum value of

6.45 mm” were obtained for AP at 1.07 mm/s and 3.55 mm/s welding speeds.
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Figure 4.6. Effect of welding speed on area of penetration
4.1.2. Welding Current

Current is one of the most important operating conditions to control in any
welding operations since a change in current affects the quality of welding. The

magnitude of the current has a great influence on the tensile load and quality of the

TIG welded joints. According to the heat input formula (H = % ), any change in

current strongly affects the heat input rate and deposition rate. Increasing current
increases the heat input which in turn increases the melting rate of the base metal, as
a consequence of which weld bead width and heat affected zone is increased, a fact

which is also true for the behavior of weld width with increasing welding current.
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Because of the intense heat of the arc some erosion of the electrode will occur. This
eroded metal is transferred across the arc. Slow erosion of the electrode results in
limited tungsten inclusions in the weld which sometimes may not be acceptable.
Because, the tungsten inclusions are hard spots that cause stresses to concentrate,
possibly resulting in weld failure. Therefore, the selection of the optimum current

depends on the material type, thickness and welding speed.

4.1.2.1. Effect of Welding Current on Tensile Load

As shown in Figure 4.7, increasing current up to 85 A, caused an increase in
tensile load up to 1300 kgf. However, further increase in current (over 85A) reduced
the tensile load due to the unsuitable welding speed and current combination caused
undercutting along the edges of the weld bead. 1199 kgf and 1225 kgf tensile load

values were obtained at minimum 20 A and maximum 150 A respectively.
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Figure 4.7. Effect of welding current on tensile load required to cause fracture for
19.2 mm?” area
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4.1.2.2. Effect of Welding Current on Heat Affected Zone

As the term heat affected zone indicates that, a region where the peak
temperatures are low (according to the fusion zone) to cause melting but high
enough to cause the microstructure and properties of the materials to change
significantly. In welding of stainless steels, it is required using a low welding
current setting with faster welding speed combination in order to obtain a heat
affected zone as small as possible. Because, some stainless steels are subject to
carbide precipitation. Carbide precipitation, the combining of carbon with
chromium, occurs in some stainless steels when they are kept at a temperature
between 625 °C and 815 °C for a long time.

Heat formula given above emphasizes that increasing welding current causes
high heat input to the base metal. High welding current creates higher heat affected
zone. This is unacceptable negative condition for welding of stainless steels.
Therefore, the current and welding speed should be in a combination which
produces narrow heat affected zone. In optimization section of the study, an attempt
was made to determine the best welding parameter combination to optimize the
welding responses (TL, HAZ, UW, UH, P, AP).

Figure 4.8 shows the effect of welding current on heat affected zone.
Increasing current from minimum 20 A to maximum 150 A caused 3.98 mm and

6.86 mm heat affected zones respectively.
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Figure 4.8. Effect of welding current on heat affected zone

4.1.2.3. Effect of Welding Current on Upper Width

Here, the same effect of current was observed for the upper width. Any
change in current greatly influenced the upper width. High heat input with unsuitable
welding speed increased the upper width. As shown in Figure 4.9, increasing current
from minimum to maximum value increased the upper width from 7.20 mm to 10.02

mm.
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Figure 4.9. Effect of welding current on upper width
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4.1.2.4. Effect of Welding Current on Upper Height

Figure 4.10 shows the effect of current on upper height. Upper height value
greatly influenced with increasing current. Increasing current from minimum to

maximum value increased upper height from 0.11 mm to 0.18 mm.

0.28 -

0.215 -

0.15

UH (mm)

0.085 —

0.02 -

I I I I I
52.50 BE.75 85.00 101.25 750

1 (A)

Figure 4.10. Effect of welding current on upper height

4.1.2.5. Effect of Welding Current on Penetration

Weld penetration is the distance that the fusion line extends below the surface
of the material being welded. As explained earlier according to the heat input
formula, welding current is of primary importance to generate sufficient heat to melt
the base metal and hence control of penetration. An increase or decrease in the
current will increase or decrease the weld penetration respectively.

As Figure 4.11 illustrates, weld penetration is directly related to welding
current. Increasing welding current to from 20 to 85 A increased the penetration from
1.02 mm to 1.22 mm respectively. Further increase caused a reduction in penetration
due to the high heat input under constant speed formed undercutting along the weld

pad.
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Figure 4.11. Effect of welding current on penetration
4.1.2.6. Effect of Welding Current on Area of Penetration

Welding parameters (especially welding speed and current) which affect the
penetration and upper width also directly affect the area of penetration. As shown in
Figure 4.12, increasing the welding current from minimum to maximum increased

the area of penetration from 6.65 mm® to 9.13 mm? respectively.
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Figure 4.12. Effect of welding current on area of penetration
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4.1.3. Gas Flow Rate

In TIG welding, shielding gas plays an important role. During TIG welding,
the weld pool, the arc, the tungsten electrode and the heated section of the
workpieces should be protected from the atmospheric contamination by a shielding
gas argon or helium or mixture of them.

Composition of a shielding mixture in arc welding depends mostly on the
kind of material to be welded. The selection of the shielding gas should, by all
means, take into account chemical-metallurgical processes between the gases and the
molten pool that occur during welding. Density of the shielding gas has an important
influence on the efficiency of shielding the arc and the weld pool against the ambient
atmosphere. The values indicating relative density of the shielding gas with regard to
air are of primary importance. Argon and carbon dioxide are gases having by far the
highest density and therefore, form an efficient gas shielding around the arc.

Mainly, the shielding gas is delivered around the tungsten electrode through
a concentric nozzle. Shielding gas flow requirements are based on cup or nozzle
size, weld pool size, and air movement. In general, the flow rate increases in
proportion to the cross-sectional area at the nozzle. So nozzle size must be adequate
to cover the welding area. The nozzle diameter is selected to suit the size of the weld
pool and the reactivity of metal to be welded. A small nozzle assist to maintain a
more stable and a positive arc, to permit welding in more restricted areas and to
have a better vision of the weld. Whereas, larger nozzles provide better shielding
gas blankets at slower gas discharge rates than smaller nozzles.

The weld quality can be adversely affected by improper gas flow settings.
The lowest possible gas flow rates and the shortest preflow or postflow time can
help reduce the cost of welding by saving the expensive shielding gas. The
minimum flow rate is determined by the need for a stiff stream to overcome the
heating effects of the arc and cross drafts. Excessive flow rates cause turbulence in
the gas stream which may aspirate atmospheric contamination into the weld pool.
The flow rate of shielding gas required depends mainly on:

v'Wind or draft speed,
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v Type of shielding gas,

v'Size of nozzle,

v Type of base metal and size of weld pool,

v Amount of current, welding speed and arc length,
v'Distance of gas nozzle orifice from the work surface.

The results showed that the effect of shielding gas on the responses is not
significant. Its effect is more pronounced on the penetration and hence
microstructure. But, its value must be compatible with welding speed, current and
arc length. Because insufficient flow causes extreme heat on the surface, hard arc
initiation and unacceptable welding quality. On the contrary, excessive flow of gas
results with unnecessary cost and increase in turbulence. The exact gas flow rate is

determined by trial and error.

4.1.3.1. Effect of Gas Flow Rate on Tensile Load

The experimental results showed that the effect of gas flow rate on tensile
load is not so much significant. As illustrated in Figure 4.13, slight change in tensile
load of 1260 kgf and 1276 kgf was observed when flow rate is increased from 9

I/min to 11 I/min.
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Figure 4.13. Effect of gas flow rate on tensile load required to cause fracture for
19.2 mm” area
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4.1.3.2. Effect of Gas Flow Rate on Heat Affected Zone

As shown in Figure 4.14, increasing gas flow rate from minimum to
maximum value slightly reduced the width of the heat affected zone from 5.51 mm

to 5.43 mm due to the cooling effect of the shielding gas.
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Figure 4.14. Effect of gas flow rate on heat affected zone

4.1.3.3. Effect of Gas Flow Rate on Upper Width

Experimental results showed that, the same trend with the heat affected zone
was observed for the upper width. Figure 4.15 shows the effect of gas flow rate on

upper width. Increasing flow rate slightly decreased the upper width from 8.81 mm

to 8.72 mm.
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Figure 4.15. Effect of gas flow rate on upper width

4.1.3.4. Effect of Gas Flow Rate on Upper Height

In practice, it is desired to have the upper height as small as possible for the
strength and visual inspection of the joints. The effect of gas flow rate on upper
height is again least pronounced. As illustrated in Figure 4.16, increasing gas flow

rate slightly increased the upper height from 0.14 mm to 0.15 mm.
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Figure 4.16. Effect of gas flow rate on upper height
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4.1.3.5. Effect of Gas Flow Rate on Penetration

Penetration directly related to the welding current (heat input) and welding
speed. The effect of gas flow rate is not much affect the penetration depth. Its effect
can be seen by adding another inert gas. The effect of gas and gas flow rate on
penetration can be increased by changing the gas type and mixture (Ar-He, Ar-Hy).
Especially H, addition increases the strength of the joint. Durgutlu (2004) who
reported that penetration depth and weld bead width increased with increasing
hydrogen content in the shielding gas mixture.

Figure 4.17 shows the effect of gas flow rate on the penetration profile.
Changing gas flow rate from minimum to maximum value was not changed the
penetration so much. 1.18 mm and 1.19 mm penetration was obtained for minimum

and maximum flow rates respectively.
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Figure 4.17. Effect of gas flow rate on penetration
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4.1.3.6. Effect of Gas Flow Rate on Area of Penetration

Figure 4.18 shows the effect of gas flow rate on area of penetration. Here, is
also slight change in area of penetration from 8.58 mm” to 8.55 mm” was observed

under minimum and maximum flow rates respectively.
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Figure 4.18. Effect of gas flow rate on area of penetration

4.1.4. Gap Distance (Arc Length)

Arc voltage and arc length are related terms that are often used
interchangeably. However, they are different. Arc voltage is an approximate means
of stating the physical arc length in electrical terms. The same physical arc length,
however, could yield different arc voltage readings, depending on the factors gap
distance, current and electrode extension. When all variables are held constant, a
reliable relationship exists between the two: an increase in arc voltage will result in
longer arc. Although, in many practices it is stated that arc length should be equal to
about 1.5 times the electrode diameter, it can vary depending on the specific
applications and particularly on the operator’s preference. In accordance with the arc

efficiency formula of Q =7El (wheren: arc efficiency, E: voltage, I: current, Q:

heat flow) higher arc lengths cause higher arc voltage and will decrease the arc
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efficiency. In general, it can be stated that the greater the arc length, the higher is the
heat leakage to the surrounding atmosphere which results with inefficient welding.

Whereas the opposite is also true.

4.1.4.1. Effect of Gap Distance on Tensile Load

Effect of gap distance on tensile load, Figure 4.19, showed that tensile load
started to increase to a gap distance of 2 mm (1273 kgf) than followed by decreasing
toward the 4 mm (1248 kgf). This is due to the not concentrated heat, and increasing

heat leakage to the base metal with increasing arc gap.
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Figure 4.19. Effect of gap distance on tensile load required to cause fracture for
19.2 mm? area

4.1.4.2. Effect of Gap Distance on Heat Affected Zone

Figure 4.20 shows the effect of gap distance on heat affected zone. As the arc
gap increased from 1 mm to 4 mm, the heat affected zone also increased from 5.40
mm to 5.57 mm respectively. The increase in the width of the heat affected zone is
due to the cone shape of the arc. When the stand-off distance of the welding torch
from the base metal increases the base of the cone shape increases to a certain value.

So, this will widen the heat affected zone. Further increase in arc gap decreases the
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heat affected zone due to the low heat input and high heat leakage. This study
supported the theory of increasing gap distance causes the heat leakage to the base

metal and the environment.
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Figure 4.20. Effect of gap distance on heat affected zone

4.1.4.3. Effect of Gap Distance on Upper Width

As mentioned above, increasing arc length increases the base of the arc
cone shape. This will increase upper width and also heat affected zone. As
shown in Figure 4.21, the percentage increase in upper width is much more than
the heat affected zone. Because, the heat flow in welding process is from the
fusion zone to the heat affected zone. So, it is expected that the increase in upper
width is higher than that of the heat affected zone. Minimum 8.65 mm and
maximum 8.87 mm upper width was obtained with increasing gap distance from

1 mm to 4 mm respectively.
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Figure 4.21. Effect of gap distance on upper width

4.1.4.4. Effect of Gap Distance on Upper Height

In accordance with the welding efficiency formula given above, when the gap
distance increases the arc voltage increases and hence the overall efficiency of the
welding process decreases. As shown in Figure 4.22, increase in arc gap decreased

the upper height from 0.15 mm to 0.14 mm.
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Figure 4.22. Effect of gap distance on upper width
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4.1.4.5. Effect of Gap Distance on Penetration

Penetration is proportional to the heat input to the workpiece. As the heat
input increases then the penetration increases. Therefore, smaller depth to width ratio
is obtained under large gap distance. Experimental results, plotted in Figure 4.23,
showed that, increasing arc gap decreased the penetration remarkably. When the arc
gap increased from minimum to maximum value it decreased from 1.19 to 1.16 mm

respectively.
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Figure 4.23. Effect of gap distance on penetration
4.1.4.6. Effect of Gap Distance on Area of Penetration

Hence the area of penetration is dependent on the penetration and upper
width, the same trend with the penetration was observed for area of penetration. As
indicated in Figure 4.24, it increased to 8.42 mm® with the arc gap of 2.5 mm. The
minimum and maximum values were obtained as 7.92 mm? and 7.90 mm?” for lmm

and 4 mm arc lengths respectively.
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Figure 4.24. Effect of gap distance on area of penetration

4.2. Interaction Effects of Weld Parameters on Welding Responses

An interaction occurs when the response is different depending on the
settings of two factors. Plots make to interpret two factor interactions. Actually,
interaction is not a desirable feature since it creates difficulties to predict the effect
of each factor on the process. As a part of the study, the interaction effects of the

welding parameters on the welding responses were analyzed.

4.2.1. Transverse Tensile Load

Figures 4.25-4.30 show the interaction effects of the TIG welding process
parameters on the transverse tensile load of 1.2 mm AISI 304 stainless steel sheet.
Figure 4.25 indicates that, when welding current was 117 A, increasing the welding
speed caused an increase in tensile load from 1174 kgf to 1199 kgf, however when
the current decreased to 52 A, increasing welding speed decreased the tensile load
from 1210 kgf to 1123 kgf. The intersection of the two curves can be reached when

welding speed is approximately 2.15 mm/s. Therefore, for higher tensile load, lower
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current should be selected up to 2.15 mm/s and beyond this point higher current

should be selected.
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Figure 4.25. Interaction effects of V and I on TL at F=10 I/min and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.26 indicates that, when gas flow rate was 11 I/min, increasing
welding speed increased tensile load slightly from 1226 kgf to 1245 kgf. However,
when the gas flow rate decreased to 9 I/min, increasing welding speed decreased the

tensile load slightly to 1215 kgf. So, it was concluded that, there is negligible effect

of gas flow rate on the tensile load.
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Figure 4.26. Interaction effects of V and F on TL at [=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.27 indicates that, when welding speed was 1.69 mm/s, increasing
gap distance caused a slight decrease in tensile load from 1260 kgf to 1226 kgf.
However, when the welding speed increased to 2.93 mm/s, increasing gap distance
slightly increased the tensile load from 1205 kgf to 1219 kgf. The intersection of the
two curves can be reached when gap distance is approximately 3.62 mm. Therefore,
for higher tensile load, lower welding speed should be selected up to 3.62 mm and

beyond this point higher welding speed should be selected.
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Figure 4.27. Interaction effects of G and V on TL at F=10 I/min and I=85 A,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.28 indicates that, when gas flow was 11 I/min, increasing the
welding current up to 85 A increased the tensile load from 1199 kgf to 1275 kgf,
however when the gas flow rate decreased to 9 I/min, increasing welding current up
to 85 A increased the tensile load to 1257 kgf further increase in welding current
decreased the tensile load. The intersection point of the two curves can be reached
when the welding current is 52 A. Therefore for higher tensile load lower gas flow
rate should be selected up to 85 A and beyond this point higher gas flow rate should

be selected.
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Figure 4.28. Interaction effects of F and [ on TL at V=2.31 mm/s and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.29 indicates that, when gap distance was 1.75 mm, increasing
welding current up to 85 A caused an increase in tensile load from 1205 kgf to 1275
kgf. However, when the gap distance increased to 3.25 mm, increasing the welding
current up to 85 A increased the tensile load from 1187 kgf to 1240 kgf. Further

increase in welding current decreased the tensile load for the two gap distances.

G (mm)
G- 1750

1335 —
A G+ 3.250

*e

1272 56

L s e i e e

e

e F e e

e e

e e
L L

iy, Erg g ey o

e o et g

o
2

i mres

125124

A
s
L

1226.25 —
122992

£
15
Wi, i
o e L oA
e
R b O g e e A A R W h e
f 5 Ve ity foc
et e R O o s P g F U he s gy,
S e
e g e el sl T ettt i e
e T B L e
e ey e Ry g o oLty et
el g e e b S e
i e
b e e oy i ey
A S S 5
R
QTR
.Ih,#g,,g,’r
i
ort

L2

12086

g
= 118728
=

1067.5 —

TL (kgh)

908.75 —
3325 \
11750

780 —

T T
6875 85.00 101.25 117.50 1.75 5250

5250

(&)

b
@ (b)

Figure 4.29. Interaction effects of [ and G on TL at F=10 I/min and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)
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Parallel lines in Figure 4.30 indicates that, no interaction was observed
between gas flow rate and gap distance. When gap distance was 1.75 mm,
increasing gas flow rate caused a slight increase in tensile load from 1268 kgf to
1279 kgf. When the gap distance increased to 3.25 mm, increasing the gas flow rate
slightly increased the tensile load from 1244 kgf 1250 kgf.
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Figure 4.30. Interaction effects of G and F on TL at [=85 A and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)

4.2.2. Heat Affected Zone

Figures 4.31-4.36 shows the interaction effects of the TIG welding process
parameters on the heat affected zone. As shown in Figure 4.30, at the welding
current of 117 A, increasing welding speed decreased the heat affected zone from
8.16 mm to 5.95 mm. However, when the current decreased to 52.5 mm, increasing
the welding speed also decreased the heat affected zone from 4.76 mm 3.60 mm.
The intersection of the two curves can be reached approximately at 4.5 mm/s.
therefore to obtain minimum heat affected zone lower current should be used up to

4.5 mm/s, beyond this point higher current (up to 117 A) may be used.
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Paralel lines in Figure 4.32 indicate that there are not any interactions

between gas flow rate and welding speed. When gas flow rate was 9 I/min,

increasing welding speed decreased the heat affected zone from 6.56 mm to 4.88

mm. However, increasing gas flow rate to 11 I/min caused a decrease in heat

affected zone from 6.48 mm to 4.79 mm. Therefore, in order to obtain narrow heat

affected zone higher flow rate may be selected.
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Figure 4.32. Interaction effects of V and F on HAZ at I=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.33 indicates that, when gap distance was 3.25 mm, increasing the
welding speed decreased the heat affected zone from 6.60 mm to 4.94 mm,
however, when the gap distance decreased to 1.75 mm, increasing welding speed
caused a decrease in heat affected zone from 6.46 mm to 4.75 mm. The intersection
point of two curves can be reached at approximately welding speed of 1.38 mm/s.
Therefore, in order to obtain narrow heat affected zone lower gap distance should be

used before and after this point.
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Figure 4.33. Interaction effects of G and V on HAZ at F=10 I/min and [=85 A,
(a. 2D interaction plot, b. 3D response surface plot)

Two parallel lines in Figure 4.34 indicate that, there is not interaction
between current and gas flow rate. Slight reduction in heat affected zone was
observed under high and low gas flow rates. When gas flow rate was 9 I/min,
increasing current increased the heat affected zone from 4.03 mm to 6.92 mm. When
the gas flow rate increased to 11 I/min, increasing current increased the heat affected
zone from 3.96 mm to 6.82 mm. therefore for narrower heat affected zone higher

gas flow rates may be selected.
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(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.35 indicates that, when the gap distance was 3.25 mm, increasing
welding current increased the heat affected zone from 4.06 mm to 6.98 mm.
However, when the gap distance is decreased to 1.75 mm, increasing current caused
an increase in heat affected zone from 3.94 mm to 6.77 mm. The intersection of the
two curves may be reached approximately at 50 A. Therefore, for narrow heat

affected zone, higher gap distance should be selected up to 50 A and beyond this

point lower gap distance should be selected.
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Figure 4.35. Interaction effects of I and G on HAZ at F=10 I/min and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)
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Parallel lines in Figure 4.36 indicates that, there is not interaction between
gap distance and gas flow rate. When gap distance was 3.25 mm, increasing gas flow
rate slightly decreased heat affected zone from 5.62 mm to 5.54 mm. However, when
gap distance decreased to 1.75 mm, increasing gas flow rate caused a decrease in
heat affected zone from 5.46 mm to 5.37 mm. Therefore, in order to obtain narrower
heat affected zone, lower gap distance should be selected under constant welding

speed and welding current.
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Figure 4.36. Interaction effects of G and F on HAZ at [=85 A and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)

4.2.3. Upper Width

Figures 4.37-4.42 shows the interaction effects of the TIG welding process
parameters on the upper width. Parallel lines in Figure 4.37 indicate that, there is not
any interaction effect between welding current and welding speed. When the
welding current was 117 A, increasing welding speed decreased the upper width
from 10.85 mm to 9.00 mm. However, when the welding current decreased to 52 A,
increasing welding speed resulted a decrease in upper width from 7.83 mm to 6.37.
Therefore, in order to obtain low upper width, lower welding current should be used

under constant gas flow rate and gap distance.
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Figure 4.37. Interaction effects of V and [ on UW at F=10 I/min and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.38 indicates that, when gas flow rate was 9 I/min, increasing

welding speed caused a significant decrease in upper width from 9.58 mm to 7.84

mm. At the gas flow rate of 11 I/min, increasing welding speed decreased upper

width from 9.40 to 7.84 mm. The intersection point of the two curves can be reached

at the welding speed of 2.93 mm/s. Therefore, in order to obtain low upper width

high gas flow rate should be used up to this point under constant welding current and

gap distances.
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Figure 4.38. Interaction effects of V and F on UW at [=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)
Parallel lines in Figure 4.39 indicates that, there is not interaction between

gap distance and welding speed. When gap distance was 3.25 mm, increasing
welding speed significantly decreased upper width from 9.60 mm to 7.94 mm.
However, when gap distance decreased to 1.75 mm, increasing welding speed caused
a decrease in upper width from 9.38 mm to 7.73 mm. Therefore, in order to obtain
lower upper width, lower gap distance should be selected under constant gas flow

rate and welding current.

1112 —| G(mm).G

-1.750
4G+ 3250

960185 T
9.395 —

9.13433

0.6B682
0.1983

787 —
773174

UW (mm)
WY (mm})

5,945 —

3.25
2.83

422

T T T T T
169 2.00 231 262 293

175 189

V (mm/s)
(a) (b)
Figure 4.39. Interaction effects of G and V on UW at F=10 I/min and =85 A,
(a. 2D interaction plot, b. 3D response surface plot)

Parallel lines in Figure 4.40 indicates that, there is not interaction between
gap flow rate and welding current. When gas flow rate was 9 I/min, increasing
welding current significantly increased upper width from 7.24 mm to 10.26 mm.
However, when gas flow rate increased to 11 I/min, increasing welding current
caused an increase in upper width from 7.15 mm to 9.98 mm. Therefore, in order to
obtain lower upper width, higher gas flow rate should be selected under constant

welding speed and gap distance.
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Figure 4.40. Interaction effects of F and I on UW at V=2.31 mm/s and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.41 indicates that, when the gap distance was 3.25 mm, increasing

welding current increased the upper width from 7.28 mm to 10.14 mm. However,

when the gap distance was decreased to 1.75 mm, increasing welding current caused

an increase in upper width from 7.10 mm to 9.88 mm. The intersection of the two

curves can be reached approximately at 45 A. Therefore, for low upper width,

higher gap distance should be selected up to 45 A, and beyond this point lower gap

distance should be selected.
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Figure 4.41. Interaction effects of I and G on UW at F=10 I/min and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)
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Parallel lines in Figure 4.42 indicates that, there is not interaction between
gap distance and gas flow rate. When gap distance was 3.25 mm, increasing gas flow
rate slightly decreased upper width from 8.89 mm to 8.83 mm. However, when gap
distance decreased to 1.75 mm, increasing gas flow rate caused a decrease in upper
width from 8.70 mm to 8.59 mm. Therefore, in order to obtain low upper width,

lower gap distance should be selected under constant welding speed and welding

current.
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Figure 4.42. Interaction effects of G and F on UW at [=85 A and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)

4.2.4. Upper Height

Figures 4.43-4.48 shows the interaction effects of the TIG welding process
parameters on the upper height. Figure 4.43 indicates that, when welding current
was 117 A, increasing the welding speed caused a decrease in upper height from
0.25 mm to 0.13 mm, however when the current decreased to 52 A, increasing
welding speed decreased the upper height from 0.15 mm to 0.09 mm. The
intersection of the two curves can be reached when welding speed is approximately
3.86 mm/s. Therefore, for lower upper height, lower current should be selected up to

3.86 mm/s and beyond this point higher current may be selected.
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Figure 4.43. Interaction effects of V and I on UH at F=10 I/min and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Parallel lines in Figure 4.44 indicates that, there is not interaction between gas

flow rate and welding speed. When gas flow rate was 9 I/min, increasing welding

speed significantly decreased upper height from 0.20 mm to 0.11 mm. However,

when gas flow rate increased to 11 I/min mm, increasing welding speed caused a

decrease in upper height from 0.19 mm to 0.11 mm. Therefore, in order to obtain

lower upper height, lower gas flow rate should be selected under constant gap

distance and welding current.
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Figure 4.44. Interaction effects of V and F on UH at [=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.45 indicates that, when gap distance was 3.25 mm, increasing the
welding speed decreased the upper height from 0.19 mm to 0.12 mm, however,
when the gap distance decreased to 1.75 mm, increasing welding speed caused a
decrease in upper height from 0.20 mm to 0.12 mm. The intersection point of two
curves can be reached at the welding speed of 2.93 mm/s. Therefore, in order to
obtain lower upper height higher gap distance should be used up to this point under

constant gas flow rate and welding current.
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Figure 4.45. Interaction effects of G and V on UH at F=10 I/min and =85 A,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.46 indicates that, when gas flow rate was 9 I/min, increasing welding
current significantly increased upper height from 0.10 mm to 0.18 mm. However,
when gas flow rate increased to 11 I/min, increasing welding current caused an
increase in upper height from 0.11 mm to 0.17 mm. The intersection point of the two
lines can be reached at the welding current of 117 A. Therefore, in order to obtain
lower upper height, lower gas flow rate should be selected up to this point under

constant welding speed and gap distance.
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Figure 4.46. Interaction effects of F and I on UH at V=2.31 mm/s and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.47 indicates that, when the gap distance was 3.25 mm, increasing
welding current increased the upper height from 0.11 mm to 0.17 mm. However,
when the gap distance was decreased to 1.75 mm, increasing welding current caused
an increase in upper width from 0.11 mm to 0.19 mm. The intersection of the two
curves can be reached at the welding current of 52 A. Therefore, for low upper
height, higher gap distance should be selected under constant gas flow rate and

welding speed.
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Figure 4.47. Interaction effects of I and G on UH F=10 I/min and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.48 indicates that, when gap distance was 3.25 mm, increasing gas

flow rate slightly increased upper height from 0.142 mm to 0.149 mm. However,

when gap distance decreased to 1.75 mm, increasing gas flow rate caused a decrease

in upper height from 0.151 mm to 0.153 mm. The intersection point of two lines may

be reached at the gas flow rate of 11 I/min. Therefore, in order to obtain low upper

height, higher gap distance should be selected under constant welding speed and

welding current.
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Figure 4.48. Interaction effects of G and F on UH at [=85 A and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)
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4.2.5. Penetration

Figures 4.49-4.54 shows the interaction effects of the TIG welding process
parameters on the penetration. Figure 4.49 indicates that, when the welding current
was 117 A, increasing welding speed decreased the penetration from 1.28 mm to
1.21 mm. However, when the welding current decreased to 52 A, increasing welding
speed resulted a decrease in upper width from 1.10 mm to1.00. The intersection
point of the two lines can be reached at the welding speed of 0.76 mm/s Therefore,
in order to obtain high penetration, lower welding current should be used up to this
point and beyond this point higher welding current with constant gas flow rate and

gap distance should be used.
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Figure 4.49. Interaction effects of V and I on P at F=10 I/min and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.50 indicates that, when gas flow rate was 9 I/min, increasing welding
speed significantly decreased penetration from 1.19 mm to 1.16 mm. However, when
gas flow rate increased to 11 I/min mm, increasing welding speed caused a decrease
in penetration from 1.23 mm to 1.14 mm. The intersection point of the two curves
can be reached approximately at the welding speed of 3.55 mm/s. Therefore, in order
to obtain high penetration, lower gas flow rate should be selected up to 3.55 mm/s

welding speed under constant gap distance and welding current.
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Figure 4.50. Interaction effects of V and F on P at [=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.51 indicates that, when gap distance was 3.25 mm, increasing the
welding speed significantly decreased the penetration from 1.22 mm to 1.11 mm,
however, when the gap distance decreased to 1.75 mm, increasing welding speed
caused a decrease in penetration from 1.23 mm to 1.16 mm. The intersection point
of two curves can be reached at the welding speed of 1.38 mm/s. Therefore, in order

to obtain high penetration low gap distance should be used beyond this point.
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Figure 4.51. Interaction effects of G and V on P at F=10 I/min and [=85 A,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.52 indicates that, when gas flow rate was 9 I/min, increasing welding
current significantly increased penetration from 0.98 mm to 1.15 mm. However,
when gas flow rate increased to 11 I/min, increasing welding current caused an
increase in penetration from 1.05 mm to 1.23 mm. The intersection point of the two
lines can be reached approximately at the welding current of 134 A. Therefore, in

order to obtain high penetration, high gas flow rate should be selected up to this point

under constant welding speed and gap distance.
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Figure 4.52. Interaction effects of F and I on P at V=2.31 mm/s and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.53 indicates that, when the gap distance was 3.25 mm, increasing

welding current increased the penetration from 1.02 mm to 1.23 mm. However,
when the gap distance was decreased to 1.75 mm, increasing welding current caused
an increase in penetration from 1.07 mm to 1.25 mm. The intersection of the two
curves can be reached approximately at the welding current of 134 A. Therefore, for

high penetration, low gap distance should be selected up to this point under constant

gas flow rate and welding speed.
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Figure 4.53. Interaction effects of [ and G on P at F=10 I/min and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)

Parallel lines in Figure 4.54 indicates that, when gap distance was 3.25 mm,

increasing gas flow rate slightly increased penetration from 1.172 mm to 1.170 mm.

However, when gap distance decreased to 1.75 mm, increasing gas flow rate caused

an increase in penetration from 1.19 mm to 1.20 mm. Therefore, in order to obtain

high penetration, low gap distance should be selected under constant welding speed

and welding current.
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Figure 4.54. Interaction effects of G and F on P at I=85 A and V=2.31 mm/s,
(a. 2D interaction plot, b. 3D response surface plot)
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4.2.6. Area of Penetration

Figures 4.55-4.60 shows the interaction effects of the TIG welding process
parameters on the area of penetration. Figure 4.54 indicates that, when welding
current was 117 A, increasing the welding speed caused a decrease in area of
penetration from 10.5 mm? to 7.87 mm?, however when the current decreased to 52
A, increasing welding speed decreased the area of penetration from 7.46 mm” to
6.01 mm”. The intersection of the two curves can be reached when welding speed is
approximately 4.55 mm/s. Therefore, for higher area of penetration, high current

should be selected up to 4.55 mm/s.

T (&

11.0481 —| m =250
A |+ 117.500

105545 |3

9.43607 — 942022

8.29589

& 715158
7.62404 |
= E01723
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6.21202 -

283
46

169 200 23 282 293

V (mmis) 5250 168
(a) (b)
Figure 4.55. Interaction effects of V and I on AP at F=10 I/min and G=2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.56 indicates that, when gas flow rate was 9 I/min, increasing
welding speed significantly decreased area of penetration from 9.13 mm?” to 7.01
mm’. However, when gas flow rate increased to 11 I/min mm, increasing welding
speed caused a decrease in area of penetration from 8.98 mm” to 7.01 mm®. The
intersection point of the two curves can be reached approximately at the welding
speed of 2.93 mm/s. Therefore, in order to obtain high area of penetration, lower gas
flow rate should be selected up to 2.93 mm/s welding speed under constant gap

distance and welding current.
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Figure 4.56. Interaction effects of V and F on AP at [=85 A and G= 2.5 mm,
(a. 2D interaction plot, b. 3D response surface plot)

Figure 4.57 indicates that, when gap distance was 3.25 mm, increasing the

welding speed significantly decreased the area of penetration from 9.03 mm? to 6.98

mm?, however, when the gap distance decreased to 1.75 mm, increasing welding

speed caused a decrease in area of penetration from 9.03 mm” to 6.33 mm®. The

intersection point of two curves can be reached at the welding speed of 1.69 mm/s.

Therefore, in order to obtain high area of penetration high gap distance should be

used beyond this point under constant gas flow rate and welding current.
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Figure 4.57. Interaction effects of G and V on AP at F=10 I/min and =85 A,
(a. 2D interaction plot, b. 3D response surface plot)
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Figure 4.58 indicates that, when gas flow rate was 9 I/min, increasing welding
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caused an increase in area of penetration from 6.64 mm® to 9.08 mm®. The
intersection point of the two lines can be reached approximately at the welding

current significantly increased area of penetration from 6.71 mm® to 9.21 mm®.
current of 48 A. Therefore, in order to obtain high area of penetration, low gas flow

rate should be selected beyond this point under constant welding speed and gap
distance.

However, when gas flow rate increased to 11 I/min, increasing welding current
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Figure 4.59 indicates that, when the gap distance was 3.25 mm, increasing

Figure 4.58
current caused an increase in area of penetration from 6.60 mm” to 8.98 mm®. The

welding current increased area of penetration from 6.66 mm’ to 9.12 mm?.
However, when the gap distance was decreased to 1.75 mm, increasing welding
intersection of the two curves can be reached approximately at the welding current
of 60 A. Therefore, for high area of penetration, low gap distance should be selected
up to this point beyond this point high welding current should be selected under

constant gas flow rate and welding speed.
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Figure 4.60 indicates that, when gap distance was 3.25 mm

flow rate slightly increased penetration from 8.01 mm?® to 7.88 mm”. However, when

increase in

flow rate caused an

, Increasing gas

gap distance decreased to 1.75 mm

penetration from 7.65 mm® to 7.88 mm® The intersection of the two lines can be

reached at the gas flow rate of 11 I/min. Therefore, in order to obtain high

penetration, higher gap distance should be selected up to this point under constant

welding speed and welding current.
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4.3. Mathematical Modeling and Statistical Analysis of the Results

4.3.1. Sequential Model Sum of Squares

Then regression calculations were carried out to fit the best model to the
selected responses. The program calculates the effects for all model terms and
produces statistics such as F-values, lack of fit and R-squared values for
comparing the models. If a statistically significant model is detected, the program
will underline and note the "Suggested" model and becomes the default model.

There are three choices for selecting the statistical significance. These are 0.1,
0.05 and 0.1. In this study the statistical significance threshold was selected as 0.05.
The suggested models for each response are shown in Tables 4.2-4.8.

The Sequential Model Sum of Squares summary table shows how terms of
increasing complexity contribute to the total model and accumulating improvement
in the model fit as terms are added.

The model hierarchy is described below:
* Linear: the significance of adding the linear terms to the mean and

blocks.

» 2FI: the significance of adding the two factor interaction terms (2FI) to
the mean, block and linear terms already in the model.
* Quadratic: the significance of adding the quadratic terms to the mean,
block, linear and two factor interaction terms already in the model.
» Cubic: the significance of the cubic terms beyond all other terms.
For each source of terms (Linear, 2FI, Quadratic, etc.), the probability
(PROB>F) value was examined to see if it falls down 0.05.
F test is used for comparing model variance with residual (error) variance.
If the variances are close to the same, the ratio will be close to one and it is less
likely that any of the factors have a significant effect on the response (Calculated

by Model Mean Square divided by Residual Mean Square).
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The F value was used in this thesis to test the significance of adding new
model terms to those terms already in the model. For instance, the significance of
the linear terms was tested after removing the effect of average and the blocks.
Then, the significance of the quadratic terms was tested after removing the
average, block and linear effects.

From the view point of sequential model sum of squares the Prob>F
value under 0.05 is acceptable and suitable for the related response model. As
indicated Table 4.2, for TL response analysis, since Prob>F value 0.0001<0.05,
the quadratic model was found as the best choice for modeling Tensile load
response. So, quadratic model terms are significant, but adding the cubic order
terms will not significantly improve the fit. (Even if they were significant, the

cubic terms would be aliased, so they wouldn’t be useful for modeling purposes).

Table 4.2. Summary of sequential model sum of squares for tensile load

p—

Sequential Model Sum of Squares

Sum of Mean F
Source Squares DF Square Value Prob > F
hean 1.197E+003 1 1.197E+003
Linear E2704 B0 4 1567615 051 0.5201
2F 4 FS0E+005 g 73725 5.38 00001
Guzdratic 3.886E+005 4 715064 .41 = 0.0001 Sugoested
Cubic 3.729E+005 20 18647 22 255 0.0052 Sugoested
Reszidusl 4,01 TE+005 55 730363
Total 1.214E+003 an 1.349E+006

Sequential model sum of square analysis of HAZ (Figure 4.3) showed that,
the Prob>F value (0.0001<0.05) of quadratic model of the quadratic terms were
lower than the significance threshold value. So, the quadratic model was the best
choice and adequate for HAZ modeling.

Since, Prob>F (0.0001<0.05) value, Table 4.4, was lower than the target
value, the quadratic model for Sequential model sum of square analysis of UW was

chosen as quadratic type.
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Table 4.3. Summary of sequential model sum of squares for heat affected zone

Response: LK

Sequential Model Sum of Squares

Sum of Mean F

Source Squares DF Square Value Prob > F
hean 213522 1 213822

Linear 127.05 4 376 145.45 = 0.0001

2Fl 0495 =] 016 0.7 05445

Guadratic 642 4 1.60 1074 = 0.0001 Sugdested

Cabic: 243 20 IR 0.3 0.5024
Fesidual 5.26 55 01s
Total 223354 a0 2538

Table 4.4. Summary of sequential model sum of squares for upper width

Response: Ly

Sequential Model Sum of Squares

Sum of Mean F
Source Squares DF Square Value Prob = F
Mean 5216.96 1 5216.96
Liresar 136.93 4 3423 4987 = 0.0001
2F 1852 G 3.09 612 01559
G atic 3.33 4 0.53 1.7 = 0.0001 Sugdested
Cibic: 17.52 20 0.8a 254 0.0033 Aligsed
Reszidusl 1897 o5 0.34
Tatal 541224 20 B0.14

For UH analysis, Table 4.5, for the factor interactions as suggested in Table
4.5, we must choose suitable highest order model. Because higher order model
already includes the lower order model terms. So, here for UH, P and AP, Table 4.5-
4.7, the quadratic model was adequate and the best choice since their Prob>F value

lower than 0.05.
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Table 4.5. Summary of sequential model sum of squares for upper height

Response: [

Sequential Model Sum of Squares

Source
hean
Linear

2F

G atic
Cuhic
Residual

Total

Sum of
Squares
1.61
0.066
0.o11
0021
0.045
0.07a
1.83

DF

-

= M &

20
33
a0

Mean
Square
1.61

0016
1.860E-003
5.297E-003
2.271E-003
1.410E-003
0.020

Value

9.0
102
3.23
1 51

Prob = F

= 0.0001
04190
00168 Sudoested
0.0833 Aligzed

Table 4.6. Summary of sequential model sum of squares for penetration

Source
fean
Linear

2F
Gugdratic
Cubic
Residual

Tatal

Response: L

Sequential Model Sum of Squares

Sum of
Squares
106 .46
079

.11
023

012

012

107 .81

DF

—_

[T« RN

20
35
a0

Mean
Square
106 45
0.20

0015
0.0s7
5.789E-003
2177E-003
1.20

194

Value

29.29
3.07
15.04
266

Prob > F

= .00
00094
= 0000

Suggested

0ooz2
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Table 4.7. Summary of sequential model sum of squares for area of penetration

Response: L

Sequential Model Sum of Squares

Sum of Mean F
Source Squares DF Square Value Prob = F
Mean 4647 92 1 4647 92
Liresar g1.89 4 2047 3293 = 0.0001
2F1 8.83 =] 147 264 00219 Sugoested
Guadratic 162 4 040 07z 0.5540 Suggested
Cabic: 17 .85 20 059 2.00 0.0223
Residual 2455 95 045
Tatal 4782 65 a0 5314

4.3.2. Lack of Fit Test

In this section of the study, a comparison of residual error to the Pure Error
from replicated design points was made by using the Lack of Fit Tests. Models with
lowest Prob>F values were discarded from the selecting model as a response
predictor. In the lack of fit tests, the model, which has not so small F value and

probability value greater than 0.05 was desirable.

The lacks of fit tables were then examined as shown in Tables 4.8-4.13. The
test on TL and HAZ responses are given in, Tables 4.8-4.9. As suggested in Table
4.8, although cubic model seemed as an alternative choice, it was ignored due to the
high Prob>F value. Model analysis performed on the HAZ response (Table 4.9)
showed that, since the highest order model terms are significant in our design, the

quadratic model was the best choice.

As shown in Tables 4.10-4.13, also the quadratic model showed the best
logical choice for UW, UH, P and AP response prediction model.

As a result the selected quadratic models for tensile load (TL), heat

affected zone (HAZ), upper width (UW), upper height (UH), penetration (P) and
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area of penetration (AP) analysis would be the logical choices since their probability

values smaller than 0.05 and cubic order terms will not significantly improve the fit.

Lack of Fit Tests

Sum of

Source Squares
Linear 1 4G5E+006

2F 0 A33E+005

Guacratic 6.047E+00%5
Cubic 2.1 YE+005

Pure Errar 1. FO0E+005

Lack of Fit Tests

Sum of

Source Squares
Linear 1393

2FI 12.95

Guadratic E57
Cubic 363

Pure Errar 463

Lack of Fit Tests

Sum of

Source Squares

Linear 47 .51

2F 28.99

Guadratic 2566
Cubic: 813

Pure Error 10.83

Table 4.8. Lack of fit test for TL

Mean
Square
2531553
19101.22
1259710
827559
5295 67

Table 4.9. Lack of fit test for HAZ

DF
a3
22
43
25
27

Table 4.10.

DF
55

25
27

Mean F
Square Value
0.24 1.40
0.25 1.46
014 050
013 0.78
oAy
Lack of fit test for UW
Mean F
Square Value
0.52 204
0.56 1.39
0.53 1.33
029 072
0.40

196

Prob = F
= 00001
0.0013
00275

Suggested

0.2400

Suggested

Prob > F
01703
01466
07575

Sugested

0.7665

Prob = F
0.0224
01738

Suggested

02138

Suggested

0.7335
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Lack of Fit Tests

Source
Linear

2FI
Gacatic
Cubic

Pure Error

Source
Linear

2F
uadratic
Cubic

Pure Error

Source
Linear
2F1
Euadratic
Cubic

Pure Error

Lack of Fit Tests

Lack of Fit Tests

Sum of
Squares
013

012
0,099
0054
0.024

Sum of
Squares
0.54

0.43

o
0.0
0029

Sum of
Squares
47 95
3914

I a2
1967
483

Table 4.11. Lack of fit test for UH

Mean F
OF Square Value
55 2272E-003 260
52 2.319E-003 266
43  2.071E-003 237
28 1.928E-003 2.2
27 5.7 27E-004
Table 4.12. Lack of fit test for P
Mean F
OF Square Value
55 9.327E-003 5.72
52 5.331E-003 778
43 4.305E-003 4.03
28 3.245E-003 3.03
27 1.069E-003
Table 4.13. Lack of fit test for AP
Mean F
OF Square Value
55 0.83 453
a2 075 417
45 0.78 4.33
28 0.7Fa 389
27 01s

4.3.3. Model Summary Statistics

Prob > F
0.004a0
0.0037
0.0091

Suggested

00214

Prob > F
= 0.0001
= 0.0001

0.0081

Sugested

0.0025

Prob = F
= 0.0001
= 0.0001

Suggested

= 0.0001

Sugnested

0.0003

The Model Summary Statistics Tables, Table 4.14-4.19, constituted to list

other statistics such as Standard Deviation (Root MSE), R-Squared, Adjusted R-

Squared, Predicted R-Squared and the predicted residual sum of squares (PRESS)

statistic useful in comparing models. Since, the predicted residual sum of squares
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(PRESS) is a measure of how well the model fits each point in the design, in this
analysis, as a rule, the model which has low standard deviation, R-Squared near 1
and relatively low PRESS was chosen as a model.

Also, Tables 4.14-4.15 show that, there are two suggested model (linear-
quadratic, 2FI-quadratic). The quadratic type model was chosen due to significant
additional terms for UW, UH, P and AP responses. Hence, the Linear, 2FI model

sources were discarded from the design.

Table 4.14. Model summary statistics for TL
Model Summary Statistics

Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 138.83 00364 -0.00583 -0.0925 1.855E+006
2FI 121.35 03161 0.2296 -0.0110 1.720E+006
Guadratic g9.46 07635 0.6179 -0.1 066 1.882E+006 Sunnested
Cubic 101 63 0.5446 0.45586 0.2656 1.249E+006 Suninested

Table 4.15. Model summary statistics for HAZ
Model Summary Statistics

Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 0.4r 08725 0.5665 0553 21.38
2FI 0.4r 0.5790 08637 05335 2424
Guadratic 029 08231 02087 085856 1666 Suggested
Cukic 0.39 0.9432 0.9052 0.7695 3357

Also, Tables 4.16-4.19 show that, there are two suggested model (linear-
quadratic, 2FI-quadratic). The quadratic type model was chosen due to significant
additional terms for UW, UH, P and AP responses. Hence, the linear, 2FI model

sources were discarded from the design.
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Table 4.16. Model summary statistics for UW
Model Summary Statistics

Std. Adjusted Predicted
Source Dev, R-Squared R-Squared R-Squared PRESS
Linear n.53 7oz 06572 06640 6362
2F1 0.7 0813 07703 07243 5372 Sunnested
Guzdratic 0.yo 0.7961 07783 07224 5421 Sugnested
Cubic n.s9 09029 05428 07147 5570
Table 4.17. Model summary statistics for UH
Model Summary Statistics
Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 0.043 02973 02647 0.2047 nAg
2Fl 0.043 0.3452 0.2657 01300 019
Eadratic 0.040 0.4440 0.3402 01451 INE] Suggested
Cubic 0.033 0.6494 0.4327 00517 0.23
Table 4.18. Model summary statistics for P
Model Summary Statistics
Std. Adjusted Predicted
source Dev. R-Squared R-Squared R-Squared PRESS
Lirear 0.052 0.5796 0.5595 05153 0.65
2FI 0076 06591 0.6159 0.4310 069
Guadratic 0.056 08262 0.7933 0.7043 0.40 Sudgested
Cubic 0.04y 09117 0.58571 0.4850 072
Table 4.19. Model summary statistics for AP
Model Summary Statistics
Std. Adjusted Predicted
Source Dev, R-Squared R-Squared R-Squared PRESS
Linear (] 06078 0.5893 05573 SA65
2F1 075 06733 0.6320 0.53900 55.24 Sugoested
Guadratic 0.75 0.6853 0.6266 0.5365 62 .40 Sugnested
Cuhic 0Ey 0E17s 0.7051 -0.1865 159.90
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4.3.4. Analysis of Variances (ANOVA)

The purpose of the ANOVA is to define welding process parameters
which significantly affect the quality characteristic or the response of the
welding process. This is accomplished by separating the total variability of the
responses, which is measured by the sum of the squared deviations from the total
mean of the responses, into contributions by each welding process parameter and the
error. The percentage contribution by each of the process parameter in the total sum
of the squared deviations can be used to evaluate the importance of the process
parameter change on each response. In addition, the F test was used to determine
which welding process parameters have a significant effect on the responses.
Usually, the change of the welding process parameter had a significant effect on the
related response when the F value is large.

Results of ANOVA, Table 4.20-4.25, indicated that welding speed,
welding current, arc gap and flow rate are the significant welding process

parameters affecting the welding quality characteristics.

Table 4.20. ANOVA for quadratic model of TL

Sum of Mean F
Source Squares DF Square Value Prob=F
hacle| 7 A51E+005 14 5700652 454 = 0.0001
A Fazra.m 1 Fazraam 5,90 0.0 76
g S7400.45 1 S7407.45 Ky .0569
[ 224515 1 224515 215 aEFe
o a0 1 fadz20.am 1.54 0.2155
A2 215956 1 215906 g5 Qi
B 2 248E+D05 1 2 24BE+005 18.05 = .00
c2 433249 1 435249 .55 0.5567
fa 13771.03 1 1377103 1.1 (.2959
AR 40 44 1 40 44 3AFFE003 0.9433
At FEZ. 40 1 FEZAQ 0.062 .Gt
An 2050 1 2050 1 B33E-005 09679
B KHoR N 1 KHIoR N 0.029 08659
] 24205 1 24200 a.0713 0. 5594
(] 54502 1 59502 0.045 0.8274
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As shown in Table 4.21-4.22, according to the larger F value, the most
effective welding parameters on HAZ and UW were found as welding current,
welding speed, arc gap and gas flow rate. The nature of the heat source is an
important factor governing heat flow during welding. The efficiency and energy-

density distribution of the heat source can directly affect heat flow during welding

(Q= % , where E: welding voltage, I: welding current, V: welding speed).

The welding heat source moves at a constant speed along a straight path. The
origin of the moving coordinates coincides with the center of the heat source. The
intense welding heat melts the metal and forms a molten weld pool. Some of the heat
conducted into the base metal is used to melt the weld bead; whereas some is lost
from either the arc column or the metal surface to the environment surrounding the
plate and forms heat affected zone. Three metallurgical zones are formed in the plate
upon completion of the thermal cycle: the weld metal (WM) zone, the heat-affected
zone (HAZ), and the base metal (BM) zone. The peak temperature (formed by
welding arc) and the subsequent cooling rates determine the HAZ structures, whereas
the thermal gradients, the solidification rates, and the cooling rates at the liquid-solid
pool boundary determine the solidification structure of WM zone.

Generally speaking, the higher the heat input rate, the lower is the cooling
rate and the larger is the weld pool and heat affected zone. There is an inverse
relationship between weld pool size and cooling rate. So, we can understand from
here that it is possible to make the weld pool of any size, simply by increasing the
heat input rate. However, this will make the weld pool difficult to control as it

becomes larger, and the HAZ and weld width may become undesirably large.
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Table 4.21. ANOVA for quadratic model of HAZ
Sum of Mean F
Source Squares DF Square Value Prob > F
hociel 145.21 14 10.59 G2 66 = 0.0001
A 177 1 177 101 64 = QL0
g 456 i 456 S5 06 = QL0
[ a1z 1 a1z .69 24077
f 1.76 1 1.76 1040 a4
A2 1.480 1 1.480 1068 aade
g 1,96 1 1,96 11,59 2004
2 2 ETRE-O03 1 2 ETRE-O03 2.0 28043
o2 a1z 1 a1z .74 03932
Af .63 1 .63 374 aaa7a
AC FLIBIE-00G 1 FLIBIE-00G . IBEE-00 09534
A £ AIGE-O07 1 £ AIGE-O07 2 ETLE-O0G 09957
BC A IB0E-003 1 A IB0E-003 2020 08842
a0 13 1 13 .78 0.37a4
.o A ID2E-003 1 A ID2E-003 Q.05 8146
Table 4.22. ANOVA for quadratic model of UW
Sum of Mean F
Source Squares DF Square Value Prob > F
hociel 144 .31 14 1031 1762 = 0.0001
A 2630 1 2630 43,483 = QL0
g 4581 i 4581 17074 = QL0
[ .55 1 .55 1.0 237195
f 247 1 247 4.6 Qe
A2 .64 1 .64 114 02733
g 2.52 1 2.52 4.02 Q0456
2 .33 1 .33 .57 2451
o2 BEITEO03 1 BEITEO03 a0 097196
Af 1.73 1 1.73 300 aaa7s
AC f FEOE-00F 1 f FEOE-00F FoTAIE-O0 a2.83M
A 2029 1 2029 2.050 08235
BC I E5RE-003 1 I E5RE-003 B 43003 09377
a0 2067 1 2067 iz 073358
.o 2.043 1 2.043 .05 a7iad
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Table 4.23 shows the ANOVA analysis for Upper Height response. UH is
greatly influenced from the welding speed. The most effective welding parameters on
this response may be arranged in order as welding speed, welding current, gas flow
rate and welding gap.

It is known that rapid cooling of weld metal results in a loss of ductility and
penetration. In some instances the tensile load are appreciably affected by the cooling
rate due to the low penetration and the elongation and reduction in area markedly
decrease. High welding currents and low travel speeds in gas tungsten arc welding
provide a large amount of heat input per mm of weld and resulted with higher
penetration into the base metal, higher heat affected zone and area of penetration. As
a result, it can be stated that the penetration and area of penetration depend mainly on
the rate of heat input (especially current and travel speed).

The obtained results on P and AP response analysis, (Table 4.24 and 4.25)
have showed that welding current, welding speed, arc gap and gas flow rate

respectively have a markedly effect on penetration profile.

Table 4.23. ANOVA for quadratic model of UH

Sum of Mean F
Source Squares DF Square Value Prob >~ F
Mocel 010 14 ¥ 9E-003 375 = 0.0001
A 0082 1 082 32.02 = Q00T
i Q.06 1 .06 3.an = QLo
[ 178 B0 1 i E-03 0.9z &340
I 1025003 1 1R25E-003 078 3.3793
Az a.mz 1 amz £.38 a0 3e
B 2157 B0 1 27 E-Q04 a1 70
c2 LM3E03 1 1N 3E03 057 4524
o 2435003 1 2435003 1.25 2674
A8 A N0E-03 1 A N0E-003 48 0449
AC 83345005 1 835345005 043 L8368
A 1.382E-003 1 1,382 E-003 a7 aAR2S
BC 10276003 1 1827 E-003 078 2.37
B0 18236003 1 1A23E-003 .93 L3368
] 1.302 E-003 1 1302 E-003 067 A6
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Table 4.24. ANOVA for quadratic model of P
Sum of Mean F
Source Squares DF Square Value Prob > F
Mocel 1.08 14 0.075 16.96 = 0.0001
A Q2.053 1 Q2.053 8! a0
B Q.4 1 Q.4 8744 = Q.00
" 2232 E-005 1 2232 E-005 4 ASRE-003 09446
n Q.030 1 Q.030 7,58 aa1z23
A2 DAGAE-03 1 DAGAE-03 1.2 2.2756
g 2.2 1 2.2 4642 = Q.00
2 4152 004 1 4152 004 Q.090 0. 7645
i Q.05 1 Q.05 1194 2.0004
A8 S ATGE-O0 1 S ATGE-O0 [ .3871
AC 7ooad E-004 i 7ooad E-004 a7 2G5S
An a.my 1 a.my 364 20602
il D.EAIE-004 1 D.EAIE-004 iz 0757
Lif ] a3 1 a3 2,80 20852
(4] A 855004 i A 855004 Q.20 3 ESED
Table 4.25. ANOVA for quadratic model of AP
Sum of Mean F
Source Squares DF Square Value Prob > F
hoclel 9517 14 7.m 12.94 = 0.0001
A L2 1 L2 3.87 = Q.0
g 78.53 1 78.53 141,719 = Q.00
C Qg 1 Qg a.oa 0830
o 205 i 205 2.033 05552
Al 5 EDSE-003 1 5 EDSE-003 Q.00 09754
B 224 1 224 .14 00455
2 aze 1 aze a4 Q8270
o2 278 i 278 513 00254
AR 2.33 1 2.33 4.30 00475
Al 0024 1 0024 0,054 087165
A 0.083 1 0.083 e 0. Ga64
B Q072 i Q072 a3 07154
B0 0024 1 0024 0044 08346
0 0083 1 0083 adz 07334
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Also, the ANOVA in this case confirmed the adequacy of the quadratic
model for all the responses (The model PROB>F is less than 0.05). In addition to
these as indicated in following Tables, software provides residuals and diagnostics of

models shown in Tables from 4.26 to 4.30.

4.3.5. Mathematical Modeling

The predictive models for TL, HAZ, UW, UH, P and AP are listed in both
actual and coded terms in Tables 4.26-4.31. The coded (or pseudo) equation is useful
for identifying the relative significance of the factors by comparing the factor
coefficients. This comparison cannot be made with the actual equation because the
coefficients are scaled to accommodate the units of each factor. The equations give
identical predictions. These equations, used for prediction of welding parameters
and responses, they have no block effects. Also, to contribute these Tables the degree
of freedom was taken as 1 for testing coefficients of welding parameters.

95% confidence interval (CI) High and Low columns represent the range that
the true coefficient should be found in 95% of the time. If this range spans 0 (one
limit is positive and the other negative) then the coefficient of 0 could be true,
indicating the factor has no effect. In addition, Variance Inflation Factor (VIF)
measures how much the variance of the model is inflated by the lack of orthogonality
in the design. If the center point is orthogonal to all other factors in the model, the
VIF is 1. VIF values greater than 10 indicate that the factors are too correlated

together (they are not independent).
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Table 4.26. Model summary for TL

Coefficient Standard 95% C1 95% C1
Factor Estimate DF Error Low High VIF

Intercept 1263 .45 1 20.30 1223.M 1303.55
A -15.42 1 19.35 -53.98 2313 372
B-l 9.59 1 1533 -20.64 40.42 280
C-F 569 1 750 -9.24 2062 157
D- -11.62 1 7.54 -27.24 4.01 157
Az -32 67 1 10.54 -53 66 -11 67 296
B2 -53.50 1 5.96 -71.64 -39.96 223
2 1.93 1 3.09 -4.22 5.09 1.10
02 -3.18 1 362 -10.41 4.03 147
AB 2514 1 1565 -9.05 B5.35 6.25
A 477 1 737 -9.91 19.44 1.83
AD 4 54 1 759 -10.69 19497 1.94
B 330 1 5.55 -10.40 17.00 247
BO -2.33 1 714 1657 11.90 242
ch 0.080 1 366 -T2 7.38 1.01

Table 4.27. Model summary for HAZ

Coefficient Standard 95% CI 95% CI
actor Estimate DF Error Low High VIF

ritercept .46 1 0.o7y .30 5.B1
-4 -0.54 1 0.074 -0.99 -0.70 372
-l 1.44 1 0.055 1.32 1.55 250
-F -0.042 1 0.029 -0.099 0015 157
- 0.052 1 0.030 0.023 014 157
2 0.1 1 0.040 013 0.29 296
2 -0.04 1 0.034 -0.11 0.026 223
2 0018 1 ootz -4 013E-003 0.043 1.10
2 .02y 1 oo14  -1.963E-004 0.055 147
B -0.26 1 0.071 -0.40 -012 625
C ¥.BV7E-004 1 0.025 -0.05% 0.057 1.583
B o.oia 1 0.029 -0.045 0.069 1.54
C -7 967E-003 1 0.028 -0.080 0.044 247
O 0.025 1 0.0z7 -0.029 0.0v8 242
o 1.397E-003 1 0014 -0.026 0.028 1.01
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Table 4.28. Model summary for UW
Coefficient Standard 95% C1 95% C1
actor Estimate DF Error Low High VIF
ritercept 877 1 014 g.49 9.05
- -0.83 1 013 -1.09 -0.56 372
-l 1.41 1 011 1.20 162 280
-F -0.042 1 0.051 -0.14 0.060 157
-G 011 1 0.054 1.791E-003 022 157
2 -0.035 1 0.072 -0.24 0.049 2586
2 -0.16 1 0.061 -0.25 -0.035 223
2 -3.217E-003 1 0.021 -0.045 0.039 1.0
2 -0.011 1 0.025 -0.061 0.039 147
B -0.037 1 013 -0.35 016 £.25
z 0.047 1 0.051 -0.053 15 1.83
o] -1.811E-003 1 0.053 -0.11 IR 1] 1.594
iz 7.114E-004 1 0.047 -0.093 0.09s 247
o] 0.020 1 0.049 -0.077 012 242
0] 0013 1 0.025 -0.037 0.063 1.01
Table 4.29. Model summary for UH
Coefficient Standard 95% C1 95% C1
Factor Estimate DF Error Low High VIF
Irtercept 15 1 8.083E-003 013 016
A4 -0.041 1 7. 711E-003 -0.056 -0.026 372
B-| 0.034 1 £.106E-003 0.022 0.046 280
Z-F 2.296E-003 1 25987E-003  -3B53E-003 8.246E-003 157
D3 -3.186E-003 1 3124E-003  -9.410E-003 3.033E-003 157
A2 0.o11 1 4 199E-003 2.525E-003 0.020 2586
B2 -6.801E-004 1 3.568E-003 -7 .FGB9E-003 £.423E-003 223
2 -1.351E-003 1 1.231E-003  -3.303E-003 1.101E-003 1.0
02 2.119E-003 1 1.444E-003 -7 573E-004 4 995E-003 147
LB -0.016 1 7.444E-003 -0.03 -9.896E-004 £.25
A0 -6.474E-004 1 25935E-003  -5.494E-003 5.199E-003 1.83
AD 3.079E-003 1 3.066E-003  -3.025E-003 9.186E-003 1.594
B -3.474E-003 1 2740E-003  -B.933E-003 1.984E-003 247
BC -3.064E-003 1 2.846E-003  -B.F34E-003 2 607E-003 242
ZD 1.394E-003 1 1460E-003  -1.514E-003 4 302E-003 1.01
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Table 4.30. Model summary for P

Coefficient Standard 95% Cl 95% Cl
Factor Estimate DF Error Low High VIF
Irtercept 1.149 1 a1 1.16 1.21
A -0.042 1 .ot -0.0E3 -0.021 372
B-1 0.093 1 8.450E-003 0.031 011 280
C-F 3.055E-004 1 4 133E-003 -7 .928E-003 8.539E-003 157
D-5 -0.015 1 4 324E-003 -0.0235 -6.053E-003 1.57
Az 4 G20E-004 1 5.811E-003 -0.011 no1z 296
B2 -0.036 1 4 935E-003 -0.045 -0.026 223
2 3.203E-003 1 1.704E-003 -1.903E-004 £.597E-003 1.0
D2 -3.265E-003 1 1.993E-003 -7 246E-003 7.165E-004 147
AB £.631E-003 1 0.o10 -0.014 0.027 £.25
A 3.103E-004 1 4 062E-003 -7 .781E-003 8.401E-003 183
AD -9.778E-003 1 4 243E-003 -0.015 -1.326E-003 1.94
BC -1.711E-004 1 3.792E-003 -7 725E-003 7.383E-003 247
BO 8.069E-003 1 3.939E-003 2.219E-004 0.016 242
Ch -1.120E-003 1 2.020E-003 -5.144E-003 2.803E-003 1.01

Table 4.31. Model summary for AP

Coefficient Standard 95% CI 95% CI
Factor Estimate OF Error Low High VIF
Irtercept 7a3 1 015 TE3 g.22
A -1.03 1 014 -1.32 -0.75 372
B-| 1.24 1 011 1.01 1.48 280
C-F -0.045 1 0055 -0.16 002 157
D- -5.017E-003 1 0.055 -012 011 157
a2 0.052 1 0.07s -0.074 024 2896
B2 -0.030 1 0 06 -0.16 00 223
iZ2 0020 1 0023 -0.025 0066 140
D2 -7 511E-003 1 0.027¥ -0.0E81 0.046 147
LB -0.31 1 014 -0.58 -0.034 625
A 0025 1 0054 -0.0583 013 1.83
A0 -5.492E-003 1 0.057 -012 010 1.94
B -0.014 1 0.051 -012 0.057 247
BL 7.7G8E-003 1 0053 -0.0595 011 242
ZD 0016 1 onz7 -0.035 o.ara 1.01
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The response function representing any of the weld pool dimensions can be
expressed as y = f (V, I, F, G). The relationship selected, being a second-degree
response surface quadratic modeling, is expressed as follows;

Y =bg + biV + byl + bsF + bsG + b V> + baol” + bysF> +
b44G” + b12VI + b13VF +b1,VG + bysIF + bylG + by,FG (4.1)

Where “b” values are the coefficients of the models. The values of the
coefficients were calculated by regression analysis with the help of ANOVA module
of Design Expert 6.0 software.

The final mathematical models developed are given below. The process
control variables are expressed in their coded form.
Transverse tensile load:
TL=630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 *
F +4.03510 * G - 75.10057 * V*- 0.039932 * I*-1.78092 *
F?-7.09131 * G*- 0.059916 * V * I + 3.34043 * V * F +
0.73102 * V. * G - 0.041339 * 1 * F + 0.045711 * 1 * G +
1.17361 *F * G (4.2)

Heat affected zone:

HAZ=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F +

0.19755 * G + 0.35202 * V* - 1.17845E-004 * I* - 1.38373E-

003 * F*- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-

003 *V *F+ 1.07815E-004 * V * G - 1.26837E-004 * [ * F

+ 1.06672E-003 * I * G - 4.65278E-003 * F * G (4.3)

Upper width:

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F +

0.074331 * G - 0.21720 * V*- 1.28410E-004 * I* - 0.015592

* F? - 4.65626E-003 * G*- 0.011222 * V * 1 +8.07090E-003

* YV * F - 0027623 * V * G +1.30514E-004 * 1 * F +

7.62815E-004 * 1 * G + 0.010625 * F * G (4.4)
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Upper height:

UH=0.083160 - 0.14708 * V + 4.27108E-003 * 1 + 0.026577
* F - 0.039542 * G + 0.029239 * V> - 1.23691E-006 * I* -
9.02466E-004 * F*+ 2.98197E-003 * G- 7.67366E-004 * V
* T - 1.10081E-003 * V * F + 6.03239E-003 * V * G -
8.54959E-005 * I * F - 1.25432E-004 * I * G + 1.73611E-
003 *F * G

Penetration:

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 *
F + 0.087894 * G - 0.019590 * V* - 3.88930E-005 * I* -
5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 *
[ *F+3.33420E-004 * 1 * G - 1.45833E-003 * F * G

Area of penetration:

AP=3.94256 - 0.19505 * V + 0.084155 * [ + 0.21323 * F +
0.46969 * G - 0.019710 * V- 1.26140E-004 * 17 -0.012660
* F2.0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 *
[*G+0.012111 *F*G

4.3.5.1. Diagnostic Tests

(4.5)

(4.6)

4.7)

The diagnostic details could best be analyzed by inspection of various plots.

The most important diagnostic is the normal probability plot of the studentized

residuals (the residual divided by the estimated standard deviation of that residual).

The normal probability plot indicates whether the residuals follow a normal

distribution, in which case the points will follow a straight line. The data points

should be approximately linear. A non-linear pattern (such as an S-shaped curve)
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indicates non-normality in the error term, which may be corrected by a
transformation.

The obtained results from the diagnostic tests for TL, HAZ, UW, UH, P
and AP showed that, the diagnosis of residuals revealed no statistical problems
as shown in Figures 4.61-4.66, so the response surface plots of the factors can be

generated.

Normal Plot of Residuals

99
95 3
503

80
70 =

50

30 -
20 =

Normal % Probability

103
53

Studentized Residuals

Figure 4.61. Normal probability plot of the residuals for the model of TL

Normal Plot of Residuals

99 |
a5 J
a0 3

80 =
70 =

A0 -

30
20 —

Mormal % Probability

103
5

Studentized Residuals

Figure 4.62. Normal probability plot of the residuals for the model of HAZ
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Normal Plot of Residuals
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]

g e

-1.99

I I T
-0.72 0.54 1.80

Studentized Residuals

.07

Figure 4.63. Normal probability plot of the residuals for the model of UW

Normal Plot of Residuals
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Studentized Residuals

Figure 4.64. Normal probability plot of the residuals for the model of UH
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MNormal % Probability

Normal Plot of Residuals
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Figure 4.65. Normal probability plot of the residuals for the model of P

Normal % Probability

Normal Plot of Residuals

(]l

Studentized Residuals

Figure 4.66. Normal probability plot of the residuals for the model of AP

Tables 4.32-4.37

show the diagnostic case

studies for wvalidation,

approximation and comparison of the found response surface equations. Table 4.32

shows the actual values were obtained from the tensile test and predicted values

from the derived response surface equations of 4.2, 4.3, 4.4, 4.5, 4.6 and 4.7. The

maximum and minimum residuals for TL response are 229.56 and -263.05
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respectively. Average error was obtained as 7.42%. Predicted results showed the

good agreement with the measured actual results.

Table 4.32. Diagnostic case statistics for TL

Standard Order Measured Value Predicted Value Residual %Error Leverage  Runorder
1 1250 1225.68 24.32 1.98 0.055 22
2 1000 1032.48 -32.48 -3.15 0.162 30
3 750 1013.05 -263.05 -25.97 0.114 2
4 1150 1137.22 12.78 1.12 0.253 14
5 1100 1135.34 -35.34 3.1 0.047 3
6 1100 1135.34 -35.34 3.1 0.047 7
7 1050 1135.34 -85.34 -7.52 0.047 20
8 1025 986.45 38.55 3.91 0.21 28
9 950 1059.96 -109.96  -10.37 0.22 4
10 1100 1091.63 8.37 0.77 0.169 29
11 1150 1135.34 14.66 1.29 0.047 16
12 1025 1180.12 -155.12  -13.14 0.089 23
13 1200 1121.87 78.13 6.96 0.273 9
14 1100 1135.34 -35.34 3.1 0.047 27
15 1000 1033.38 -33.38 -3.23 0.22 25
16 1175 1141.36 33.64 2.95 0.13 8
17 875 1019.93 -144.93 -14.21 0.305 18
18 975 1032.65 -57.65 -5.58 0.162 12
19 1100 1135.34 -35.34 -3.11 0.047 1
20 1025 1091.82 -66.82 -6.12 0.273 13
21 1050 1077.39 -27.39 -2.54 0.169 17
22 1000 998.95 1.05 0.11 0.21 5
23 1000 1141.44 -141.44 -12.39 0.082 26
24 900 1109.66 -209.66  -18.89 0.077 11
25 1150 1197.68 -47.68 -3.98 0.089 19
26 1125 1167.11 -42.11 -3.61 0.253 15
27 1125 1093.04 31.96 2.92 0.245 21
28 1050 1137.97 -87.97 -7.73 0.082 24
29 1100 1108.84 -8.84 -0.80 0.245 10
30 1230 1141.44 88.56 7.76 0.082 31
31 1260 1236.29 23.71 1.92 0.106 60
32 1300 1296.85 3.15 0.24 0.112 59
33 1280 1180.12 99.88 8.46 0.089 58
34 1325 1248.01 76.99 6.17 0.051 57
35 1250 1244.72 5.28 0.42 0.106 56
36 1300 1293.65 6.35 0.49 0.065 55
37 1325 1200.16 124.34 10.40 0.082 54
38 1380 1231.36 148.64 12.07 0.042 53
39 1225 1097.89 127.11 11.58 0.145 52
40 1375 1231.36 143.64 11.67 0.042 51
41 1275 1137.97 137.03 12.04 0.082 50
42 1300 1152.89 147.11 12.76 0.151 49
43 1235 1102.01 132.99 12.07 0.145 48
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Continue of Table 4.32
Standard Order Measured Value Predicted Value Residual %Error Leverage  Run order
44 1300 1142.92 157.08 13.74 0.151 47
45 1375 1231.36 143.64 11.67 0.042 46
46 1375 1231.36 143.64 11.67 0.042 45
47 1380 1231.36 148.64 12.07 0.042 44
48 1050 1097.18 -47.18 -4.30 0.08 43
49 1275 1197.68 77.32 6.46 0.089 42
50 1320 1234 86 6.97 0.094 41
51 1212 1199.31 12.69 1.06 0.082 40
52 1230 1166.24 63.76 5.47 0.053 39
53 1265 1236.11 28.89 2.34 0.088 38
54 1245 1121.01 123.99 11.06 0.235 37
55 1375 1231.36 143.64 11.67 0.042 36
56 1237 1212.06 24.94 2.06 0.206 35
57 1287 1193.66 93.34 7.82 0.206 34
58 1265 1274.33 -9.33 -0.73 0.112 33
59 1227 1251.04 -24.04 -1.92 0.088 32
60 1050 1186.07 -136.07 -11.47 0.063 90
61 950 1054.27 -104.27 -9.89 0.375 89
62 1250 1303.29 -53.29 -4.09 0.142 88
63 1200 1199.31 0.69 0.06 0.082 87
64 1050 1186.07 -136.07  -11.47 0.063 86
65 1020 1149.71 -129.71 -11.28 0.296 85
66 1050 944.96 105.04 11.12 0.346 84
67 975 1084.98 -109.98 -10.14 0.331 83
68 1000 1052.62 -52.62 -5.00 0.375 82
69 1020 1165.43 -145.43 -12.48 0.296 81
70 1150 1161.37 -11.37 -0.98 0.425 80
71 1050 959.84 90.16 9.39 0.346 79
72 1100 1121.46 -21.46 -1.91 0.418 78
73 1020 921.31 98.69 10.71 0.335 77
74 1265 1236.11 28.89 2.34 0.088 76
75 1000 1186.07 -186.07 -15.69 0.063 75
76 950 1018 -68 -6.68 0.368 74
77 980 1005.57 -25.57 -2.54 0.368 73
78 900 1023.68 -123.68  -12.08 0.234 72
79 1325 1251.04 73.96 591 0.088 71
80 1100 1133.22 -33.22 -2.93 0.425 70
81 1200 1200.16 -0.16 -0.01 0.082 69
82 980 837.32 142.68 17.04 0.436 68
83 1000 922.1 779 8.45 0.335 67
84 1100 1186.07 -86.07 -7.26 0.063 66
85 1050 1107.39 -57.39 -5.18 0.418 65
86 1030 1182.55 -152.55 -12.90 0.151 64
87 1020 1186.07 -166.07  -14.00 0.063 63
88 1150 920.44 229.56 24.94 0.27 62
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4. RESULTS AND DISCUSSION Ugur ESME

Continue of Table 4.32
Standard Order Measured Value Predicted Value Residual %Error Leverage  Run order
89 1000 1186.07 -186.07 -15.69 0.063 61
90 1150 1033.06 116.94 11.32 0.269 6

%Average Error  7.42

Measured value — predicted value
Predicted value

%Error = *100

Table 4.33 shows the comparison of measured and predicted results for the
HAZ response. The maximum and minimum residual values are 1.13 and -0.81
respectively. Average error was 6.58 %. Results showed a good agreement and not

much deviations from the measured values.

Table 4.33. Diagnostic case statistics for HAZ

Standard Order Measured Value Predicted Value Residual %Error  Leverage Run order

1 5.32 5.16 0.16 3.10 0.055 22
2 2.78 2.80 -0.022 -0.71 0.162 30
3 2.55 2.68 -0.13 -4.85 0.114 2

4 5.23 5.12 0.11 2.15 0.253 14
5 4.14 3.97 0.17 4.28 0.047 3

6 4.12 3.97 0.15 3.78 0.047 7

7 4.14 3.97 0.17 4.28 0.047 20
8 3.53 4.02 -0.49 -12.19 0.21 28
9 3.40 3.89 -0.49 -12.60 0.22 4

10 2.55 2.67 -0.12 -4.49 0.169 29
11 4.13 3.97 0.16 4.03 0.047 16
12 4.73 3.77 0.96 25.46 0.089 23
13 4.32 4.02 0.3 7.46 0.273 9

14 4.13 3.97 0.16 4.03 0.047 27
15 3.26 3.85 -0.59 -15.32 0.22 25
16 4.03 3.73 0.3 8.04 0.13 8

17 4.43 4.01 0.42 10.47 0.305 18
18 2.68 2.89 -0.21 -7.27 0.162 12
19 4.12 3.97 0.15 3.78 0.047 1

20 4.00 3.88 0.12 3.09 0.273 13
21 2.54 2.63 -0.092 -3.42 0.169 17
22 3.80 4.11 -0.31 -7.54 0.21 5

23 4.94 4.11 0.83 20.19 0.082 26
24 3.10 2.99 0.11 3.68 0.077 11
25 4.66 3.82 0.84 21.99 0.089 19
26 5.44 5.16 0.28 5.43 0.253 15
27 5.53 5.35 0.18 3.36 0.245 21
28 4.89 4.01 0.88 21.95 0.082 24
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4. RESULTS AND DISCUSSION Ugur ESME
Continue of Table 4.33
Standard order  Measured Value Predicted Value Residual %Error  Leverage  Run order

29 5.56 5.45 0.11 2.02 0.245 10
30 3.79 4.11 -0.32 -7.79 0.082 31
31 5.30 5.64 -0.34 -6.03 0.106 60
32 5.10 5.37 -0.27 -5.03 0.112 59
33 3.40 3.77 -0.37 -9.81 0.089 58
34 5.00 5.18 -0.18 -3.47 0.051 57
35 5.35 5.76 -0.41 -7.12 0.106 56
36 5.61 5.91 -0.3 -5.08 0.065 55
37 4.79 5.12 -0.33 -6.45 0.082 54
38 4.46 4.48 -0.023 -0.45 0.042 53
39 3.08 3.58 -0.5 -13.97 0.145 52
40 4.44 4.48 -0.043 -0.89 0.042 51
41 3.60 4.01 -0.41 -10.22 0.082 50
42 2.99 3.29 -0.3 -9.12 0.151 49
43 3.06 3.48 -0.42 -12.07 0.145 48
44 2.98 3.24 -0.26 -8.02 0.151 47
45 4.45 4.48 -0.033 -0.67 0.042 46
46 4.44 4.48 -0.043 -0.89 0.042 45
47 4.45 4.48 -0.033 -0.67 0.042 44
48 2.54 2.84 -0.3 -10.56 0.08 43
49 3.35 3.82 -0.47 -12.30 0.089 42
50 4.39 4.19 0.2 477 0.094 41
51 4.78 5.00 -0.22 -4.40 0.082 40
52 3.20 4.01 -0.81 -20.20 0.053 39
53 4.60 4.67 -0.066 -1.50 0.088 38
54 4.52 4.60 -0.081 -1.74 0.235 37
55 4.45 4.48 -0.033 -0.67 0.042 36
56 4.43 4.54 -0.11 -2.42 0.206 35
57 4.45 438 0.073 1.60 0.206 34
58 5.10 5.31 -0.21 -3.95 0.112 33
59 4.63 4.73 -0.1 -2.11 0.088 32
60 6.45 6.06 0.39 6.44 0.063 90
61 4.30 4.15 0.15 3.61 0.375 89
62 6.80 7.26 -0.46 -6.34 0.142 88
63 4.78 5.00 -0.22 -4.40 0.082 87
64 6.50 6.06 0.44 7.26 0.063 86
65 6.20 5.92 0.28 4.73 0.296 85
66 6.30 6.30 2.31 0.00 0.346 84
67 7.20 6.35 0.85 13.39 0.331 83
68 4.10 4.08 0.018 0.49 0.375 82
69 6.70 6.15 0.55 8.94 0.296 81
70 7.40 7.52 -0.12 -1.60 0.425 80
71 6.35 6.41 -0.057 -0.94 0.346 79
72 7.9 8.17 -0.27 -3.30 0.418 78
73 6.5 6.88 -0.38 -5.52 0.335 77
74 4.6 4.67 -0.066 -1.50 0.088 76
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4. RESULTS AND DISCUSSION Ugur ESME

Continue of Table 4.33
Standard order  Measured Value Predicted Value Residual %Error  Leverage  Run order
75 6.52 6.06 0.46 7.59 0.063 75
76 4.40 4.41 -0.013 -0.23 0.368 74
77 4.60 4.54 0.063 1.32 0.368 73
78 3.80 2.67 1.13 42.32 0.234 72
79 4.63 4.73 -0.1 -2.11 0.088 71
80 7.50 7.42 0.081 1.08 0.425 70
81 4.79 5.12 -0.33 -6.45 0.082 69
82 8.22 7.94 0.26 3.27 0.436 68
83 6.8 7.05 -0.25 -3.55 0.335 67
84 6.43 6.06 0.37 6.11 0.063 66
85 7.8 8.01 -0.21 -2.62 0.418 65
86 5.2 5.65 -0.45 -7.96 0.151 64
87 6.44 6.06 0.38 6.27 0.063 63
88 4.82 5.56 -0.74 -13.31 0.27 62
89 6.50 6.06 0.44 7.26 0.063 61
90 5.96 5.55 0.41 7.39 0.269 6

%Average Error 6.58

Measured value — predicted value
Predicted value

%Error = *100

Calculated UW values (Table 4.34) did not show high deviations from the
predicted values. Its maximum and minimum residuals for this response are 0.120

and -0.120 respectively. Also, average error was found as 8.28%.

Table 4.34. Diagnostic case statistics for UW

Standard order Measured Value Predicted Value Residual %Error Leverage Run order

1 7.23 7.83 -0.600 -7.66 0.055 22

5.64 5.59 0.055 0.89 0.162 30
3 4.22 5.11 -0.890 -17.42 0.114 2
4 7.42 6.96 0.460 6.61 0.253 14
5 5.82 6.52 -0.700 -10.74 0.047 3
6 5.82 6.52 -0.700 -10.74 0.047 7
7 5.78 6.52 -0.740 -11.35 0.047 20
8 5.22 6.01 -0.790 -13.14 0.21 28
9 5.14 5.87 -0.730 -12.44 0.22 4
10 5.48 5.50 -0.017 -0.36 0.169 29
11 5.96 6.52 -0.560 -8.59 0.047 16
12 7.02 6.41 0.610 9.52 0.089 23
13 6.20 6.54 -0.340 -5.20 0.273 9
14 5.79 6.52 -0.730 -11.20 0.047 27
15 5.03 5.51 -0.480 -8.71 0.22 25
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4. RESULTS AND DISCUSSION Ugur ESME
Continue of Table 4.34
Standard order Measured Value Predicted Value Residual %Error Leverage Run order

16 5.52 6.22 -0.700 -11.25 0.13 8
17 6.50 6.89 -0.390 -5.66 0.305 18
18 5.53 5.79 -0.260 -4.49 0.162 12
19 5.78 6.52 -0.740 -11.35 0.047 1
20 5.62 6.00 -0.380 -6.33 0.273 13
21 5.45 5.17 0.280 5.42 0.169 17
22 5.33 6.24 -0.910 -14.58 0.21 5
23 7.28 7.06 0.220 3.12 0.082 26
24 5.63 5.83 -0.200 -3.43 0.077 11
25 7.01 6.72 0.290 4.32 0.089 19
26 7.69 7.30 0.390 5.34 0.253 15
27 7.89 7.50 0.390 5.20 0.245 21
28 7.22 6.87 0.350 5.09 0.082 24
29 7.72 7.72 4.019 0.00 0.245 10
30 9.08 7.06 2.020 28.61 0.082 31
31 8.63 8.6 0.029 0.35 0.106 60
32 8.57 8.37 0.200 2.39 0.112 59
33 7.17 6.41 0.760 11.86 0.089 58
34 8.84 7.98 0.860 10.78 0.051 57
35 8.96 8.78 0.180 2.05 0.106 56
36 9.51 8.88 0.630 7.09 0.065 55
37 8.45 8.00 0.450 5.62 0.082 54
38 7.98 7.4 0.580 7.84 0.042 53
39 6.42 6.47 -0.051 -0.77 0.145 52
40 7.98 7.4 0.580 7.84 0.042 51
41 7.72 6.87 0.850 12.37 0.082 50
42 5.90 6.18 -0.280 -4.53 0.151 49
43 6.54 6.3 0.240 3.81 0.145 48
44 5.98 5.88 0.096 1.70 0.151 47
45 8.00 7.4 0.600 8.11 0.042 46
46 7.98 7.4 0.580 7.84 0.042 45
47 7.99 7.4 0.590 7.97 0.042 44
48 5.90 5.69 0.210 3.69 0.08 43
49 8.36 6.72 1.640 24.40 0.089 42
50 6.36 7.11 -0.750 -10.55 0.094 41
51 8.39 7.84 0.550 7.02 0.082 40
52 7.86 6.63 1.180 17.66 0.053 39
53 8.26 7.36 0.900 12.23 0.088 38
54 8.53 7.77 0.760 9.78 0.235 37
55 7.98 7.4 0.580 7.84 0.042 36
56 7.88 7.39 0.490 6.63 0.206 35
57 7.12 6.92 0.200 2.89 0.206 34
58 8.12 8.07 0.050 0.62 0.112 33
59 9.02 7.64 1.380 18.06 0.088 32
60 7.66 8.43 -0.770 -9.13 0.063 90
61 5.68 6.02 -0.340 -5.65 0.375 89
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4. RESULTS AND DISCUSSION Ugur ESME
Continue of Table 4.34
Standard Order Measured Value Predicted Value Residual %0Error Leverage Run
62 9.93 10.3 -0.370 -3.59 0.142 88
63 7.23 7.84 -0.610 -7.78 0.082 87
64 7.66 8.43 -0.770 9.13 0.063 86
65 7.21 8.00 -0.790 -9.88 0.296 85
66 8.50 7.67 0.830 10.82 0.346 84
67 8.23 8.86 -0.630 -7.11 0.331 83
68 5.63 5.77 -0.140 243 0.375 82
69 7.72 8.36 -0.640 -7.66 0.296 81
70 9.86 10.4 -0.540 -5.19 0.425 80
71 8.56 7.88 0.680 8.63 0.346 79
72 10.48 10.93 -0.450 -4.12 0.418 78
73 8.78 8.26 0.520 6.30 0.335 77
74 6.86 7.36 -0.500 -6.79 0.088 76
75 7.66 8.43 -0.770 9.13 0.063 75
76 5.75 6.17 -0.420 -6.81 0.368 74
77 5.78 6.29 -0.510 -8.11 0.368 73
78 4.35 5.19 -0.840 -16.18 0.234 72
79 6.98 7.64 -0.660 -8.64 0.088 71
80 9.73 10.15 -0.420 -4.14 0.425 70
81 7.22 8.00 -0.780 -9.75 0.082 69
82 11.12 10.03 1.090 10.87 0.436 68
83 8.87 8.34 0.530 6.35 0.335 67
84 7.66 8.43 -0.770 9.13 0.063 66
85 10.56 10.82 -0.260 -2.40 0.418 65
86 6.86 8.1 -1.240 -15.31 0.151 64
87 7.66 8.43 -0.770 9.13 0.063 63
88 7.21 6.12 1.090 17.81 0.27 62
89 7.66 8.43 -0.770 9.13 0.063 61
90 8.56 6.83 1.730 25.33 0.269 6
%Average Error 8.28
o4 Error Measured value — predicted value 100

Predicted value

Table 4.35 shows the comparison of predicted and measured UH values.

Here is also good agreement was obtained. The maximum and minimum residuals

are 0.12 and -0.10 respectively. Average error of 26.41% was obtained.
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4. RESULTS AND DISCUSSION Ugur ESME
Table 4.35. Diagnostic case statistics for UH
Standard order  Measured Value Predicted Value Residual  %Error  Leverage Run Order

1 0.28 0.16 0.120 75.00 0.055 22
2 0.10 0.11 -0.014 -9.09 0.162 30
3 0.09 0.09 -0.614 -1.10 0.114 2
4 0.22 0.21 5.158 4.76 0.253 14
5 0.19 0.13 0.062 46.15 0.047 3
6 0.17 0.13 0.042 30.77 0.047 7
7 0.16 0.13 0.032 23.08 0.047 20
8 0.19 0.17 0.019 11.76 0.21 28
9 0.10 0.14 -0.041 -28.57 0.22 4
10 0.09 0.07 0.019 26.76 0.169 29
11 0.18 0.13 0.052 38.46 0.047 16
12 0.16 0.13 0.033 23.08 0.089 23
13 0.09 0.08 0.011 13.92 0.273 9
14 0.18 0.13 0.052 38.46 0.047 27
15 0.15 0.17 -0.020 -11.76 0.22 25
16 0.20 0.14 0.056 42.86 0.13 8
17 0.18 0.15 0.030 20.00 0.305 18
18 0.03 0.07 -0.037 -55.22 0.162 12
19 0.18 0.13 0.052 38.46 0.047 1
20 0.22 0.15 0.072 46.67 0.273 13
21 0.09 0.09 -6.448 -6.25 0.169 17
22 0.09 0.12 -0.030 -25.00 0.21 5
23 0.13 0.09 0.033 34.02 0.082 26
24 0.08 0.08 -2.488 -2.44 0.077 11
25 0.12 0.11 0.012 9.09 0.089 19
26 0.18 0.19 -0.012 -5.26 0.253 15
27 0.20 0.21 -7.751 -4.76 0.245 21
28 0.13 0.14 -6.389 -7.14 0.082 24
29 0.18 0.16 0.016 12.50 0.245 10
30 0.09 0.097 -6.954 2722 0.082 31
31 0.12 0.17 -0.049 -29.41 0.106 60
32 0.17 0.16 7.929 6.25 0.112 59
33 0.09 0.13 -0.037 -30.77 0.089 58
34 0.08 0.16 -0.078 -50.00 0.051 57
35 0.14 0.14 0.438 0.00 0.106 56
36 0.26 0.15 0.100 73.33 0.065 55
37 0.15 0.11 0.040 36.36 0.082 54
38 0.08 0.12 -0.039 -33.33 0.042 53
39 0.04 0.08 -0.040 -50.00 0.145 52
40 0.08 0.12 -0.039 -33.33 0.042 51
41 0.10 0.14 -0.036 -28.57 0.082 50
42 0.03 0.081 -0.051 -62.96 0.151 49
43 0.08 0.12 -0.037 -33.33 0.145 48
44 0.04 0.097 -0.057 -58.76 0.151 47
45 0.07 0.12 -0.049 -41.67 0.042 46
46 0.08 0.12 -0.039 -33.33 0.042 45
47 0.08 0.12 -0.039 -33.33 0.042 44
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4. RESULTS AND DISCUSSION Ugur ESME
Continue of Table 4.35
Standard order Measured Value Predicted Value Residual %Error Leverage Run Order
48 0.02 0.081 -0.061 -75.31 0.08 43
49 0.10 0.11 -8.174 -9.09 0.089 42
50 0.14 0.13 8.534 7.69 0.094 41
51 0.17 0.14 0.033 21.43 0.082 40
52 0.09 0.099 -8.519 -9.09 0.053 39
53 0.16 0.13 0.032 23.08 0.088 38
54 0.15 0.14 5.805 7.14 0.235 37
55 0.07 0.12 -0.049 -41.67 0.042 36
56 0.06 0.082 -0.022 -26.83 0.206 35
57 0.08 0.13 -0.047 -38.46 0.206 34
58 0.11 0.17 -0.060 -35.29 0.112 33
59 0.18 0.12 0.058 50.00 0.088 32
60 0.11 0.13 -0.016 -15.38 0.063 90
61 0.08 0.097 -0.017 -17.53 0.375 89
62 0.18 0.20 -0.023 -10.00 0.142 88
63 0.17 0.14 0.033 21.43 0.082 87
64 0.11 0.13 -0.016 -15.38 0.063 86
65 0.14 0.11 0.028 27.27 0.296 85
66 0.09 0.11 -0.019 -18.18 0.346 84
67 0.09 0.15 -0.055 -40.00 0.331 83
68 0.10 0.099 1.084 1.01 0.375 82
69 0.10 0.11 -0.011 -9.09 0.296 81
70 0.19 0.22 -0.030 -13.64 0.425 80
71 0.1 0.13 -0.034 -23.08 0.346 79
72 0.2 0.18 0.022 11.11 0.418 78
73 0.09 0.1 -0.015 -10.00 0.335 77
74 0.16 0.13 0.032 23.08 0.088 76
75 0.11 0.13 -0.016 -15.38 0.063 75
76 0.18 0.13 0.054 38.46 0.368 74
77 0.15 0.1 0.047 50.00 0.368 73
78 0.09 0.08 0.010 12.50 0.234 72
79 0.18 0.12 0.058 50.00 0.088 71
80 0.18 0.20 -0.019 -10.00 0.425 70
81 0.15 0.11 0.040 36.36 0.082 69
82 0.22 0.16 0.063 37.50 0.436 68
83 0.08 0.11 -0.030 -27.27 0.335 67
84 0.11 0.13 -0.016 -15.38 0.063 66
85 0.18 0.18 2.982 0.00 0.418 65
86 0.19 0.14 0.047 35.71 0.151 64
87 0.11 0.13 -0.016 -15.38 0.063 63
88 0.15 0.11 0.043 36.36 0.27 62
89 0.11 0.13 -0.016 -15.38 0.063 61
90 0.12 0.22 -0.100 -45.45 0.269 6
%Average Error 26.41
o4 Error Measured value — predicted value 100

Predicted value
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4. RESULTS AND DISCUSSION

Ugur ESME

Penetration prediction did not show high deviation. Here is also close

agreement was obtained. Thus, maximum and minimum residuals are 0.13 and -

0.13 respectively. Also, average error was 4.68%.

Table 4.36. Diagnostic Case Statistics for P

Standard Order Measured Value Predicted Value Residual %Error Leverage Run Order
1 1.10 1.15 -0.05 -4.35 0.055 22
2 0.89 0.83 0.06 7.23 0.162 30
3 0.75 0.88 -0.13 -14.77 0.114 2
4 1.08 1.10 -0.02 -1.82 0.253 14
5 1.06 1.03 0.03 2.91 0.047 3
6 1.03 1.03 2.09 0.00 0.047 7
7 1.06 1.03 0.03 2.91 0.047 20
8 0.90 0.93 -0.03 -3.23 0.210 28
9 0.98 0.96 0.02 2.08 0.220 4
10 0.92 0.93 -0.02 -1.08 0.169 29
11 0.96 1.03 -0.07 -6.80 0.047 16
12 1.05 1.07 -0.02 -1.87 0.089 23
13 0.91 1.02 -0.11 -10.78 0.273 9
14 0.96 1.03 -0.07 -6.80 0.047 27
15 0.95 0.98 -0.03 -3.06 0.220 25
16 1.08 1.01 0.07 6.93 0.130 8
17 0.78 0.84 -0.06 -7.14 0.305 18
18 0.86 0.85 0.02 1.18 0.162 12
19 1.06 1.03 0.03 291 0.047 1
20 1.02 1.02 0.66 0.00 0.273 13
21 0.90 0.94 -0.04 -4.26 0.169 17
22 0.94 0.93 7.52 1.08 0.210 5
23 1.03 0.99 0.04 4.04 0.082 26
24 0.97 0.95 0.02 2.11 0.077 11
25 1.02 1.06 -0.04 -3.77 0.089 19
26 1.08 1.08 -2.18 0.00 0.253 15
27 1.12 1.07 0.05 4.67 0.245 21
28 0.98 0.98 -0.55 0.00 0.082 24
29 1.16 1.07 0.09 8.41 0.245 10
30 0.94 0.99 -0.05 -5.05 0.082 31
31 1.17 1.15 0.02 1.74 0.106 60
32 1.27 1.20 0.07 5.83 0.112 59
33 1.10 1.07 0.03 2.80 0.089 58
34 1.15 1.16 -0.01 -0.86 0.051 57
35 1.19 1.16 0.03 2.59 0.106 56
36 1.14 1.24 -0.10 -8.06 0.065 55
37 1.14 1.10 0.04 3.64 0.082 54
38 1.22 1.12 0.10 8.93 0.042 53
39 0.89 0.93 -0.04 -4.30 0.145 52
40 1.25 1.12 0.13 11.61 0.042 51
41 0.95 0.98 -0.03 -3.06 0.082 50
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4. RESULTS AND DISCUSSION Ugur ESME
Continue of Table 4.36
Standard Order Measured Value Predicted Value Residual %Error Leverage Run Order

42 0.93 1.03 -0.10 -9.71 0.151 49
43 0.87 0.91 -0.04 -4.40 0.145 48
44 0.95 1.03 -0.08 =177 0.151 47
45 1.25 1.12 0.13 11.61 0.042 46
46 1.23 1.12 0.11 9.82 0.042 45
47 1.25 1.12 0.13 11.61 0.042 44
48 0.80 0.93 -0.13 -13.98 0.080 43
49 1.13 1.06 0.07 6.60 0.089 42
50 1.11 1.12 -0.01 -0.89 0.094 41
51 1.00 1.09 -0.09 -8.26 0.082 40
52 1.06 1.07 -0.01 -0.93 0.053 39
53 1.20 1.18 0.02 1.69 0.088 38
54 0.98 0.91 0.07 7.69 0.235 37
55 1.25 1.12 0.13 11.61 0.042 36
56 1.18 1.12 0.06 5.36 0.206 35
57 1.23 1.11 0.12 10.81 0.206 34
58 1.24 1.21 0.03 2.48 0.112 33
59 1.17 1.18 -5.52 -0.85 0.088 32
60 1.18 1.24 -0.06 -4.84 0.063 90
61 1.18 1.11 0.07 6.31 0.375 89
62 1.21 1.30 -0.09 -6.92 0.142 88
63 1.00 1.09 -0.09 -8.26 0.082 87
64 1.18 1.24 -0.06 -4.84 0.063 86
65 1.19 1.22 -0.04 -2.46 0.296 85
66 1.21 1.19 0.02 1.68 0.346 84
67 0.98 1.03 -0.05 -4.85 0.331 83
68 1.10 1.10 -0.27 0.00 0.375 82
69 1.16 1.23 -0.07 -5.69 0.296 81
70 1.19 1.21 -0.02 -1.65 0.425 80
71 1.20 1.19 0.01 0.84 0.346 79
72 1.16 1.22 -0.06 -4.92 0.418 78
73 1.19 1.12 0.07 6.25 0.335 77
74 1.20 1.18 0.02 1.69 0.088 76
75 1.18 1.24 -0.06 -4.84 0.063 75
76 0.99 0.95 0.05 421 0.368 74
77 0.98 0.97 7.88 1.03 0.368 73
78 0.89 0.88 6.23 1.14 0.234 72
79 1.22 1.18 0.04 3.39 0.088 71
80 1.18 1.23 -0.05 -4.07 0.425 70
81 1.14 1.10 0.04 3.64 0.082 69
82 1.22 1.09 0.13 11.93 0.436 68
83 1.18 1.13 0.05 4.42 0.335 67
84 1.18 1.24 -0.06 -4.84 0.063 66
85 1.21 1.22 -9.18 -0.82 0.418 65
86 1.21 1.23 -0.02 -1.63 0.151 64
87 1.18 1.24 -0.06 -4.84 0.063 63
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Continue of Table 4.36
Standard Order Measured Value Predicted Value Residual %Error Leverage Run Order
88 1.10 1.13 -0.03 -2.65 0.270 62
89 1.18 1.24 -0.06 -4.84 0.063 61
90 1.06 1.07 -0.01 -0.93 0.269 6
%Average Error 4.68
o4 Error Measured value — predicted value 100

Predicted value

Area of penetration is the measure of the penetrated area. When both upper
width and penetration increase it also increases. Here is also good agreement was
obtained (Table 4.37). The maximum and minimum residuals are 1.71 and -2.16

respectively. And average error was 7.24%.

Table 4.37. Diagnostic case statistics for AP

Standard Order Measured Value Predicted Value  Residual YError Leverage Run Order
1 7.11 8.06 -0.95 -11.79 0.055 22
2 5.63 5.47 0.16 2.93 0.162 30
3 4.6 5.51 -0.91 -16.52 0.114 2
4 7.52 7.55 -0.03 -0.40 0.253 14
5 6.55 6.83 -0.28 -4.10 0.047
6 6.09 6.83 -0.74 -10.83 0.047
7 6.23 6.83 -0.60 -8.78 0.047 20
8 5.98 6.35 -0.37 -5.83 0.21 28
9 6.08 6.3 -0.22 -3.49 0.22 4
10 5.53 5.63 -0.10 -1.78 0.169 29
11 7.25 6.83 0.42 6.15 0.047 16
12 7.12 6.56 0.56 8.54 0.089 23
13 6.38 6.73 -0.35 -5.20 0.273 9
14 6.18 6.83 -0.65 -9.52 0.047 27
15 6.01 6.15 -0.14 -2.28 0.22 25
16 6.38 6.38 1.87 0.00 0.13 8
17 6.78 6.01 0.77 12.81 0.305 18
18 5.76 5.56 0.20 3.60 0.162 12
19 6.58 6.83 -0.25 -3.66 0.047 1
20 6.22 6.54 -0.32 -4.89 0.273 13
21 5.81 5.4 0.41 7.59 0.169 17
22 6.11 6.36 -0.25 -3.93 0.21 5
23 7.26 6.7 0.56 8.36 0.082 26
24 543 5.92 -0.49 -8.28 0.077 11
25 7.09 6.75 0.34 5.04 0.089 19
26 7.48 7.66 -0.18 -2.35 0.253 15
27 7.82 7.79 0.03 0.39 0.245 21
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Continue of Table 4.37
Standard Order Measured Value Predicted Value  Residual %Error Leverage Run Order
28 7.23 6.66 0.57 8.56 0.082 24
29 7.77 7.75 0.02 0.26 0.245 10
30 7.87 6.7 1.17 17.46 0.082 31
31 8.55 8.26 0.29 3.51 0.106 60
32 7.34 8.23 -0.89 -10.81 0.112 59
33 7.9 6.56 1.34 20.43 0.089 58
34 8.98 8.12 0.87 10.59 0.051 57
35 9.06 8.23 0.84 10.09 0.106 56
36 9.2 8.69 0.51 5.87 0.065 55
37 7.2 7.34 -0.14 -1.91 0.082 54
38 7.99 7.37 0.62 8.41 0.042 53
39 5.48 6.04 -0.56 -9.27 0.145 52
40 7.98 7.37 0.61 8.28 0.042 51
41 6.56 6.66 -0.10 -1.50 0.082 50
42 542 6.17 -0.75 -12.16 0.151 49
43 5.63 5.95 -0.32 -5.38 0.145 48
44 5.02 5.94 -0.92 -15.49 0.151 47
45 7.98 7.37 0.61 8.28 0.042 46
46 7.95 7.37 0.58 7.87 0.042 45
47 7.98 7.37 0.61 8.28 0.042 44
48 5.3 5.82 -0.52 -8.93 0.08 43
49 8.3 6.75 1.55 22.96 0.089 42
50 5.8 6.96 -1.16 -16.67 0.094 41
51 8 7.33 0.67 9.14 0.082 40
52 5.54 6.61 -1.07 -16.19 0.053 39
53 7.2 7.27 -0.07 -0.96 0.088 38
54 4.89 6.47 -1.58 -24.42 0.235 37
55 7.97 7.37 0.60 8.14 0.042 36
56 7.03 7.26 -0.23 -3.17 0.206 35
57 7.1 7.07 0.03 0.42 0.206 34
58 8.61 8.12 0.49 6.03 0.112 33
59 8.8 7.43 1.37 18.44 0.088 32
60 7.56 8 -0.44 -5.50 0.063 90
61 5.63 6 -0.37 -6.17 0.375 89
62 7.88 10.04 -2.16 -21.51 0.142 88
63 7.98 7.33 0.65 8.87 0.082 87
64 7.56 8 -0.44 -5.50 0.063 86
65 7.67 7.77 -0.10 -1.29 0.296 85
66 6.79 7.17 -0.38 -5.30 0.346 84
67 6.98 7.06 -0.08 -1.13 0.331 83
68 5.56 5.76 -0.20 -3.47 0.375 82
69 7.39 7.83 -0.44 -5.62 0.296 81
70 9.72 9.69 0.03 0.31 0.425 80
71 6.73 7.22 -0.49 -6.79 0.346 79
72 9.79 9.71 0.08 0.82 0.418 78
73 6.86 7.2 -0.34 -4.72 0.335 77
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Continue of Table 4.37
Standard Order Measured Value Predicted Value  Residual %Error Leverage Run Order
74 7.2 7.27 -0.07 -0.96 0.088 76
75 7.56 8 -0.44 -5.50 0.063 75
76 5.78 5.67 0.11 1.94 0.368 74
77 5.89 5.77 0.12 2.08 0.368 73
78 5.23 5.3 -0.07 -1.32 0.234 72
79 8.8 7.43 1.37 18.44 0.088 71
80 9.78 9.72 0.06 0.62 0.425 70
81 7.2 7.34 -0.14 -1.91 0.082 69
82 10.48 9.09 1.39 15.29 0.436 68
83 6.98 7.1 -0.12 -1.69 0.335 67
84 7.56 8 -0.44 -5.50 0.063 66
85 9.69 9.89 -0.20 -2.02 0.418 65
86 7.62 7.62 -0.62 0.00 0.151 64
87 7.56 8 -0.44 -5.50 0.063 63
88 7.63 5.92 1.71 28.89 0.27 62
89 7.56 8 -0.44 -5.50 0.063 61
90 8.38 7.72 0.66 8.55 0.269 6

%Average Error 7.24

Measured value — predicted value
Predicted value

%Error = *100

4.4. Optimization of TIG Welding Process Parameters

4.4.1. Optimization with Design Expert 6.0

The mathematical models developed are useful for selecting correct process
parameters to achieve the desired weld pool quality or to predict weld pool quality
for the given process parameters. These models facilitate optimization of the process
and sensitivity analysis. They also help to improve the understanding of the effect of
process parameters on pool quality, to evaluate the interaction effects of pool
parameters and to optimize the bead quality to obtain a high-quality welded joint at a
relatively low cost with high productivity.

Optimization problems are often classified as linear or nonlinear, depending
on whether the relationships in the problem are linear with respect to the variables. In

this part of the study, since all of the developed mathematical formulas were
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quadratic, global nonlinear optimization was used to optimize the process
parameters.

The goals of the factors were obtained between their lower (-1) and upper
(+1) values. Before the optimization module, the goals for the responses were

selected according to the Table 4.38.

Table 4.38. Optimization case for the responses
Goal

Case Responses maximize minimize in range

TL
HAZ
Uuw
UH
P
AP

TL
HAZ
Uuw
UH
P
AP

TL
HAZ
Uuw
UH
P
AP

N
M2 MK 2 2 K 2 ]2 KK K 2
2 X 22 2 KX K K 22 XK K K K K4

T AR K M2 2 MR K2 M2 2 2 K

Table 4.39 shows the optimization results obtained according to the case 1.
TL and P maximization (others kept constant) yielded two solutions of 1330.73 kgf
and 1.27 mm respectively. The maximum tensile load obtained in this condition with
the welding parameters of 1.73 mm/s velocity, 96.84 A current, 8 1/min shielding gas

flow rate and 1.34 mm arc gap.

228



4. RESULTS AND DISCUSSION

Ugur ESME

Table 4.39. Optimization results for the case 1

Lower Upper Lower Upper
Hame Goal Limit Limit Weight Weight Importance
W iz in range 1.0696 35545 1 1 3
| iz in range 20 150 1 1 3
iz in range g 12 1 1 3
G iz in range 1 4 1 1 3
T= maximnize 750 1380 1 1 3
HaZ iz in range 254 52 1 1 3
Lnay iz in range 422 1112 1 1 3
LH iz in range ooz 0.23 1 1 3
P maximize 0.3 1.27 1 1 3
AP iz in range 16 10.48 1 1 3
Solution
\Y | F G TL HAZ uw UH AP
Number
1 1.73  96.84  8.00 1.34  1330.73  7.078 10.08  0.231 1270 9.926
2 1.73 96.77 8.00 1.36 1330.73  7.076 10.07 0.231 1.270  9.924

The optimization results of condition 2 are shown in Table 4.40. Here, UH

and AP were kept constant whereas the others were set as indicated below. This

optimization condition yielded six solutions. The maximum Tensile load of 1201.96

kgt was obtained for the welding parameters of V= 2.58 mm/s, [=52.69 A, F=8.19

l/min and G=1 mm.

Hame

s
HAL

IIH

ap

Table 4.40. Optimization results for the case 2

Goal
iz in range
iz in range
i in range
iz in range

MEximize
minimize:
Iminimize:

iz in range

MEximize

iz in range

Lower
Limit
1.0696
20

g

1

van
254
422
0.0z
0.7a
45

Upper
Limit
35546
150
12

4

1380
5.2
1112
0.25
1.27
10.45
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1
1
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Continue of Table 4.40
Solution
| F G TL HAZ uw UH P AP

Number
1 258 53.14 1200 1.00 1190.53 3.877 6.534 0.110 1.103 6.526
2 2.59 53,51 12.00 1.00 1190.12 3.883 6.535 0.109 1.104 6.525
3 260 5285 11.10 1.00 1195.15 3.865 6.608 0.109 1.102 6.571
4 2.64 5349 10.11 1.00 1197.11 3.879 6.678 0.106 1.103 6.612
5 259 5221 1004 1.00 1198.56 3.853 6.676 0.106 1.099 6.616
6 258 5269 8.19 1.00 120196 3912 6.805 0.099 1.101 6.710

Case 3, shown in Table 4.41, is the more desirable and encountered situation
in technique and literature. TL, P, and AP were maximized whereas the others were
minimized. There were not any stationary welding parameters. In this situation two
solutions which gave the maximum TL were obtained. The maximum TL (1235.88
kgf), P (1.142 mm), and AP (7.28 mm?), and minimum HAZ (4.45 mm), UW (7.37
mm), UH (0.10 mm) were obtained with the welding parameters of 2.45 mm/s torch

travel speed, 59.09 A current, 8 1/min gas flow rate, 1.71 mm gap distance or arc

length.
Table 4.41. Optimization Results for the case 3
Lower Upper Lower Upper
ame Goal Limit Limit Weight Weight Importance
i= in range 1.0696 35545 1 1 3
i in range 20 150 1 1 3
i in range g 12 1 1 3
i in range 1 4 1 1 3
= maximize 7al 1380 1 1 3
AL miritmize 254 g2 1 1 3
minimize 422 1112 1 1 3
H minimize 0.0z 0.25 1 1 3
maximize 0.ys 1.27 1 1 3
F maximize 46 10.45 1 1 3
Solution
Number V I F G TL HAZ uw UH P AP
1 245 59.09 8.00 1.71 123588 4453 7.370 0.105 1.142  7.287
2 245 59.19 8.00 1.73 123522 4454 7.369 0.105 1.142  7.285
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4.4.2. Optimization with LINGO

Language for Interactive General Optimization (LINGO) is a simple tool for
utilizing the power of linear and nonlinear optimization to formulate large problems
concisely, solve them, and analyze the solution. Optimization helps us to find the
answer that yields the best result; attains the highest profit, output, or happiness; or
the one that achieves the lowest cost, waste, or discomfort. Often these problems
involve making the most efficient use of our resources including money, time,
machinery, staff, inventory, and more. Optimization problems are often classified as
linear or nonlinear, depending on whether the relationships in the problem are linear
with respect to the variables. In this thesis, since all of the response equations are
nonlinear, programs were written using LINGO nonlinear programming technique
(NLP) with Global optimization method to optimize the welding parameters and
responses and to solve the nonlinear equations. The optimization by LINGO was
carried out as unconstrained and constrained optimization.

In technique, from the quality point of view, it is most desired to have
maximum tensile load, penetration, area of penetration and minimum heat affected
zone, upper width and upper height. This required constrained optimization. In
constrained optimization the responses were carried out together not separately. To
optimize (maximum or minimum) one response the other responses formed
constraints. Therefore, the response which was optimized limited with the
constraints in a given data range and nonlinear equations. However, in
unconstrained optimization, each response was optimized separately in a given data
range without applying any constraints.

At the end of the constrained and unconstrained optimization programs
software provides the solution report which consists of optimized welding
parameters, responses, dual price, reduced cost and slack or surplus. The slack or
surplus column in the solution report tells us how close we are to satisfying a
constraint as equality. This quantity, on less-than-or-equal-to (<) constraints, is
generally referred to as slack. On greater-than-or-equal-to (>) constraints, this

quantity is called a surplus. If a constraint is exactly satisfied as equality, the slack
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or surplus value will be zero. If a constraint is violated, as in an infeasible solution,
the slack or surplus value will be negative. Knowing this can help us to find the
violated constraints in an infeasible model. Non-binding constraints, constraints
with a slack or surplus value greater than zero, will have positive, nonzero values in
this column.

The dual price column in the solution report tells us, the amount that the
objective would improve as the right-hand side, or constant term, of the constraint is

increased by one unit.

4.4.2.1. Unconstrained Optimization

Unconstrained optimization for TL, HAZ, UW, UH, P and AP responses
were carried out separately in order to optimize (in a given data range) the effect of
each welding parameters (V, I, F, G) on the welding responses. For optimize one
response another responses were not used as a constraint. The program was written
to optimize the given welding response in a given data range. The flowchart of the

written unconstrained optimization in LINGO 8.0 is given in Figure 4.67.

Minimization or
> Maximization of
TL,HAZ,UW,UH,P,AP

(

Reading Process
Parameters Data
Range

MESSAGE
ERROR NO FEASIBLE
SOLUTION FOUND

WRITE
V,LF,G
TS,HAZ,UW,UH,P,AP

Figure 4.67. Flowchart of the unconstrained optimization
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4.4.2.1.1. TL Maximization

As discussed earlier of the study, TIG weld quality is strongly characterized
by the weld pool geometry. This is because the weld pool geometry plays an
important role in determining the mechanical properties of the weld. Therefore, it is
very important to select the welding process parameters for obtaining an optimal
weld pool geometry. Usually, the desired welding process parameters are
determined based on experience or from a handbook. However, this does not ensure
that the selected welding process parameters can produce the optimal or near
optimal weld pool geometry for that particular welding machine and environment.

Tensile test is a major selective method used to determine the quality of
welding of thin sheet. As studied in this thesis, the quality of welding is affected by
the welding parameters that affect the geometry and weld pool quality
characteristics such as upper width, upper depth, penetration, and area of
penetration.

So far, the formulas related with the effect of welding parameters on the
weld pool geometry were derived to analyze each welding parameters on the
welding responses such as TL, HAZ, UW, UH, P, AP.

To analyze and compare the results of the optimization method, the program
was written to find the maximum transverse tensile load without applying any
constraints for other responses. The written program is given in section Bl of

Appendix B. Table 4.42 shows the optimization results for TL maximization.
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Table 4.42. TL maximization
Objective value: 1330.734

Variable Value Reduced Cost
\Y 1.730641 0.000000
| 96.78699 0.000000
F 8.000000 0.000000
G 1.347659 0.000000
TL 1330.734 0.000000
HAZ 7.074831 0.000000
uw 10.07876 0.000000
UH 0.2314239 0.000000
P 1.270529 0.000000
AP 9.922669 0.000000
Row Slack or Surplus Dual Price
1 1330.734 1.000000
2 0.6610415 0.000000
3 1.823959 0.000000
4 76.78699 0.000000
5 53.21301 0.000000

6 0.000000 0.7964127E-01
7 4_.000000 0.000000
8 0.3476592 0.000000
9 2.652341 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

As indicated in dual price column, the dual price of 0.07964127 on row 6
means that adding one more unit of gas flow rate would cause the objective to
improve by 0.07964127, to the TL value from 1330.734 to 1330.735 as shown in
Table 4.43. So, it has very small and negligible effect on TL.
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Table 4.43. Improved TL maximization

Global Objective value: 1330.735

Iteration: 42
Variable Value Reduced Cost

Vv 1.730102 0.2628443E-06

| 96.79851 0.000000

F 7.976359 0.000000

G 1.345712 -0.3379232E-06
TL 1330.735 0.000000
HAZ 7.076200 0.000000
uw 10.07989 0.000000
UH 0.2314461 0.000000

P 1.270320 0.000000
AP 9.922461 0.000000
Row Slack or Surplus Dual Price

1 1330.735 1.000000

2 0.6605016 0.000000

3 1.824498 0.000000

4 76.79851 0.000000

5 53.20149 0.000000

6 0.5595882E-01 0.002340

7 4.023641 0.000000

8 0.3457122 0.000000

9 2.654288 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

4.4.2.1.2. HAZ Minimization

The heat input rate is one of the most important variables in fusion welding

and can strongly affect phase transformations during welding. Because, it governs

heating rate, cooling rate and weld pool size. It is also responsible for weld residual

stresses and distortion. The metallurgical feature that is directly affected by heat

input rate is the grain size in the heat affected zone (HAZ) and in the weld metal.

However, in this study by utilizing the HAZ equation derived from the response

surface methodology was used to predict the HAZ on the weld samples. The

program, given in Appendix B Section B2, was written to find the minimum Heat

Affected Zone without applying any constraints.
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The results for unconstrained HAZ minimization are shown in Table 4.13.

The minimum HAZ value of 1.9243 mm was obtained with iteration number of 1.

Table 4.44. HAZ minimization

Global Objective value: 1.924300

Iteration: 1

Variable Value Reduced Cost
\Y 3.410221 0.000000

| 20.00000 0.000000

F 12.00000 0.000000

G 1.000000 0.000000

TL 895.7857 0.000000

HAZ 1.924300 0.000000

uw 3.920618 0.000000

UH 0.7995010E-01 0.000000

P 0.8071280 0.000000

AP 4.184371 0.000000

Row Slack or Surplus Dual Price

1 1.924300 -1.000000

2 2.340621 0.000000

3 0.1443794 0.000000

4 0.000000 0.4988229E-01
5 130.0000 0.000000

6 4.000000 0.000000

7 0.000000 0.1616154E-01
8 0.000000 0.1207567

9 3.000000 0.000000

10 0.000000 0.000000

11 0.000000 0.000000

12 0.000000 0.000000

13 0.000000 0.000000

14 0.000000 0.000000

15 0.000000 0.000000

As indicated in dual price column above, the dual price of 0.04988 on row 4,

0.01616 on row 7, 0.1207 on row 8 mean that the new adjusted welding parameters
according to the Dual price; [=20-0.049=19.951 A, F=12+0.016=12.016 1/min, G=1-
0.12=0.88 mm will lower the HAZ value from 1.9243 to 1.9068 with the iteration

number of 1 as shown in Table 4.45.
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Table 4.45. Improved HAZ minimization

Global Objective value: 1.813022

Iteration: 1

Variable Value Reduced Cost
\Y 4.805600 0.000000
1 19.95400 0.000000
F 12.13180 0.000000
G 0.8910000 0.000000
TL 420.7712 0.000000
HAZ 2.592148 0.000000
uw 1.813022 0.000000
UH 0.1769689 0.000000
P 0.6074842 0.000000
AP 2.864826 0.000000
Row Slack or Surplus Dual Price
1 1.813022 -1.000000
2 3.736000 0.000000
3 0.000000 0.000000
4 0.000000 0.000000
5 130.0460 0.000000
6 4.131800 0.000000
7 0.000000 0.000132
8 0.000000 0.001000
9 3.109000 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

4.4.2.1.3. UW Minimization

As mentioned earlier, upper width is from the quality characteristics of a

weldment and it directly affects the transverse tensile strength and the width of the

heat affected zone. It is known that, the upper height, upper width, heat affected

zone of the weld pool belong to the smaller-the-better quality characteristic.

Therefore, their value must be minimized as much as possible. At this point, the

program (Appendix B section B3) was written to find the minimum Upper width

without applying any constraints. The results for unconstrained UW minimization

are shown in Table 4.46.
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Table 4.46. UW Minimization
Global Objective value: 3.744488
Iteration: 1

Variable Value Reduced Cost
Vv 3.554600 0.000000
| 20.00000 0.000000
F 12.00000 0.000000
G 1.000000 0.000000
TL 860.3537 0.000000
HAZ 1.931638 0.000000
uw 3.744488 0.000000
UH 0.8486474E-01 0.000000
P 0.7896342 0.000000
AP 4.056086 0.000000
Row Slack or Surplus Dual Price
1 3.744488 -1.000000
2 2.485000 0.000000
3 0.000000 1.251271
4 0.000000 0.4691986E-01
5 130.0000 0.000000
6 4.000000 0.000000
7 0.000000 0.1318040
8 0.000000 0.1095861
9 3.000000 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

The results in Table 4.47 showed that, the dual price of 1.2512 on row 3,
0.046919 on row 4, 0.13180 on row 7 and 0.10958 on row 8 mean that the new
adjusted  welding  parameters according to the Dual price; V=
3.5546+1.2512=4.8056 mm/s, I= 20-0.046=19.954 A, F= 12+0.13180=12.1318
I/'min, G= 1-0.109=0.891 mm will much lower the minimized UW value from

3.7444 mm to 1.906814 mm.
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Table 4.47. Improved UW minimization

Global Objective value: 1.906814

Iteration: 1
Variable Value Reduced Cost
Vv 3.409791 0.000000
1 19.95100 0.000000
F 12.01600 0.000000
G 0.8800000 0.000000
TL 894 .5187 0.000000
HAZ 1.906814 0.000000
uw 3.902904 0.000000
UH 0.7933493E-01 0.000000
P 0.8092159 0.000000
AP 4.148082 0.000000
Row Slack or Surplus Dual Price
1 1.906814 -1.000000
2 2.340191 0.000000
3 0.1448087 0.000000
4 0.000000 0.000000
5 130.0490 0.000000
6 4.016000 0.000000
7 0.000000 0.001235
8 0.000000 0.021500
9 3.120000 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

4.4.2.1.4. UH Minimization

As mentioned previously, upper height is from the smaller the better quality

characteristics. Therefore, it needs to be minimized in order to obtain desired weld

property. The program (Appendix B section B4) was written to find the minimum

Upper Height without applying any constraints. The results for unconstrained UH

minimization are shown in Table 4.48.
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Table 4.48. UH minimization
Global Objective value: 0.048248
Iteration: 18

Variable Value Reduced Cost
\Y 2.725442 0.000000
1 20.00000 0.000000
F 8.000000 0.000000
G 1.965282 0.000000
TL 1021.117 0.000000
HAZ 2.243625 0.000000
uw 5.019702 0.000000
UH 0.4824879E-01 0.000000
P 0.8721799 0.000000
AP 5.210986 0.000000
Row Slack or Surplus Dual Price
1 0.4824879E-01 -1.000000
2 1.655842 0.000000
3 0.8291578 0.000000
4 0.000000 0.1199715E-02
5 130.0000 0.000000
6 0.000000 0.1083937E-01
7 4.000000 0.000000
8 0.9652825 0.000000
9 2.034718 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

The results showed that, the dual price of 0.0011 on row 4 and 0.0108 on
row 6 mean that the new adjusted welding parameters according to the dual price; I=
20-0.00119=19.998 A, F= 8-0.0108=7.98 1/min will lower the minimized UH value
from 0.0482 mm to 0.0480 mm. The improved UH value is shown in Table 4.49.
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Table 4.49. Improved UH minimization

Global Objective value: 0.0480

Iteration: 18

Variable Value Reduced Cost
\Y 2.724328 0.000000
1 19.99800 0.000000
F 7.980000 0.000000
G 1.972190 0.000000
TL 1021.042 0.000000
HAZ 2.244901 0.000000
uw 5.021270 0.000000
UH 0.4802911E-01 0.000000
P 0.8720950 0.000000
AP 5.212323 0.000000
Row Slack or Surplus Dual Price
1 0.4802911E-01 -1.000000
2 1.654728 0.000000
3 0.8302725 0.000000
4 0.000000 0.000000
5 130.0020 0.000000
6 0.000000 0.000000
7 4.020000 0.000000
8 0.9721899 0.000000
9 2.027810 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

4.4.2.1.5. P Maximization

The Welding Encyclopedia refers to two types of penetrations “weld

penetration” also called “fusion” and “heat penetration”. In fusion welding the depth

of weld penetration or fusion is generally recognized as the distance below the

original surface of the work to which the molten metal progresses. The HAZ refers

to the parent metal metallurgically affected by the heat of welding, but not melted.

The heat penetration includes the weld penetration as well as HAZ. Weld

penetration is referred to as only “penetration” for simplicity.

The importance of proper penetration has been amply demonstrated by many

researchers. It is generally recognized that penetration is influenced by polarity,

current, arc length and arc-travel rate. It has been seen from the available literature

241



4. RESULTS AND DISCUSSION Ugur ESME

that the penetration and HAZ are controlled by the rate of heat input, which is a
function of arc-travel rate, arc-length polarity and current.

The other factors which influence the penetration are heat conductivity, arc
length and arc force. The higher the heat conductivity of a material the lower is the
penetration. Longer arc-lengths produce shallower penetration because of the lesser
concentration of heat. Too small arc-length may also give rise to poor penetration, if
the arc-power is very low.

In this study, welding current affected the transverse tensile load. Lack of
penetration which indicates lack of fusion caused low tensile strength. In literature
its value must be as high as possible in order to enhance the mechanical properties
of the joint. Therefore, its value must be maximized in all kind of welding processes
in order to obtain higher strength.

The program in Appendix B section B5 was written to find the maximum
Penetration without applying any constraints. The results for unconstrained UH
minimization are shown in Table 4.50.

Table 4.50. P maximization

Global Objective value: 1.341610
Iteration: 19

Variable Value Reduced Cost

\Y 1.069600 0.000000
| 117.7169 0.000000
F 12.00000 0.000000

G 3.076011 0.5413942E-07
TL 1227.896 0.000000
HAZ 9.525150 0.000000
uw 12.10105 0.000000
UH 0.3474763 0.000000
P 1.341610 0.000000
AP 12.47744 0.000000
Row Slack or Surplus Dual Price
1 1.341610 1.000000

0.000000 0.2110080E-01
3 2.485000 0.000000
4 97.71693 0.000000
5 32.28307 0.000000
6 4._.000000 0.000000

7 0.000000 0.3133771E-02
8 2.076011 0.000000
9 0.9239889 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
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The results in Table 4.51 showed that, the dual price of 0.0211 on row 2 and
0.003133 on row 7 mean that the new adjusted welding parameters according to the
dual price; V= 1.0696-0.0211=1.0485 mm/s, F= 12+0.003133=12.00313 1/min will

increase the maximized P value slightly from 1.341 mm to 1.342 mm.

Table 4.51. Improved P maximization

Global Objective value: 1.34206

Iteration: 20

Variable Value Reduced Cost
\Y 1.048500 0.000000
1 117.6454 0.000000
F 12.00313 0.000000
G 3.090626 0.1178250E-07
TL 1225.275 0.000000
HAZ 9.572681 0.000000
uw 12.12829 0.000000
UH 0.3508092 0.000000
P 1.342060 0.000000
AP 12.51951 0.000000
Row Slack or Surplus Dual Price
1 1.342060 1.000000
2 0.000000 0.000235
3 2.506100 0.000000
4 97.64539 0.000000
5 32.35461 0.000000
6 4.003130 0.000000
7 0.000000 0.000000
8 2.090626 0.000000
9 0.9093739 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

4.4.2.1.6. AP Maximization

Area of Penetration is affected by the upper width and penetration. It may
also affect the HAZ width. Its value must be maximized to improve the TL value.
The program which is given in Appendix B section B6 was written to find

the maximum area of penetration without applying any constraints. The results for

unconstrained UH minimization are shown in Table 4.52.
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Table 4.52. AP maximization
Global Objective value: 13.92815
Iteration: 2

Variable Value Reduced Cost
\Y 1.069600 0.000000
1 150.0000 0.000000
F 12.00000 0.000000
G 3.131880 0.000000
TL 1129.787 0.000000
HAZ 10.86175 0.000000
uw 13.63757 0.000000
UH 0.4018942 0.000000
P 1.301633 0.000000
AP 13.92815 0.000000
Row Slack or Surplus Dual Price
1 13.92815 1.000000
2 0.000000 2.587861
3 2.485000 0.000000
4 130.0000 0.000000
5 0.000000 0.4088067E-01
6 4.000000 0.000000

7 0.000000 0.1355446E-01
8 2.131880 0.000000
9 0.8681203 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

The results in Table 4.53 indicated that, the dual price of 2.587861 on row 2
and 0.0408 on row 5 and 0.013 on row 7 mean that the new adjusted welding
parameters according to the dual price; V=2.587-1.0696=1.5182 mm/s,
[=150+0.0408=150.0408 A and F=12+0.0135=12.0135 1I/min will increase the

maximized AP value from 13.928 mm to 13.930 mm.
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Table 4.53. Improved AP maximization
Global Objective value: 13.930
Iteration: 4

Variable Value Reduced Cost
\Y 1.518200 0.000000
| 150.0408 0.000000
F 12.01350 0.000000
G 3.025243 0.2348713E-08
TL 1165.855 0.000000
HAZ 9.781259 0.000000
uw 12.80980 0.000000
UH 0.3218331 0.000000
P 1.294790 0.000000
AP 12.76590 0.000000
Row Slack or Surplus Dual Price
1 12.76590 1.000000
2 0.000000 0.002612
3 2.036400 0.000000
4 130.0408 0.000000
5 0.000000 0.000000
6 4.013500 0.000000
7 0.000000 0.000000
8 2.025243 0.000000
9 0.9747566 0.000000
10 0.000000 0.000000
11 0.000000 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000

The results of unconstrained optimization showed that, the effect of dual
price on objective parameters (maximization or minimization) is so small. It is about

+0.01 of the actual objective value.

4.4.2.2. Constrained Optimization

Constrained optimization for TL, HAZ, UW, UH, P and AP responses were
carried out together in order to optimize (in a given data range) the effect of each
welding parameters (V, I, F, G) on the welding responses. For optimize one
response another responses were used as a constraint. This is the real case used in
practice. The program was written to optimize the given welding response in a given
data range and constraints. The flowchart of the written unconstrained optimization

in LINGO 8.0 is given in Figure 4.68.
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Minimization or
Maximization of
TL,HAZ,UW,UH,P,AP

Y

Reading Process
> Parameters Data
Range

CONSTRAINTS
TS,HAZ,UW,UH,
P.AP

MESSAGE
ERROR NO FEASIBLE
SOLUTION FOUND

Figure 4.68. Flowchart of the constrained optimization

4.4.2.2.1. Constrained TL Optimization

Constraints are required to satisfy the target value by adopting the responses.
The Response Constrained program given in Appendix B section B7 was written to
find the maximum TL with applying constraints. In the program responses were
chosen as constraint. The results for constrained TL maximization are shown in
Table 4.54. TL value of 1330.645 kgf was obtained with the constrained
optimization technique. So, only slight negligible difference of 0.088 kgf with the

unconstrained optimization was considered.
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Table 4.54. Constrained TL optimization
Global Objective value: 1330.645
Iteration: 23

Variable Value Reduced Cost
\Y 1.751866 0.000000
| 95.98245 0.000000
F 8.139003 0.000000
G 1.346964 0.000000
TL 1330.645 0.000000
HAZ 7.001355 0.000000
uw 10.01017 0.000000
UH 0.2279954 0.000000
P 1.270265 0.000000
AP 9.857532 0.000000
Row Slack or Surplus Dual Price
1 1330.645 1.000000
2 0.6822659 0.000000
3 1.802734 0.000000
4 75.98245 0.000000
5 54.01755 0.000000
6 0.1390033 0.000000
7 3.860997 0.000000
8 0.3469641 0.000000
9 2.653036 0.000000
10 0.000000 0.4404222E-01
11 0.1702650 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.2.2.2. Constrained HAZ Optimization

TL and P were chosen as constraint in the program to satisfy the desired
HAZ value. The Response Constrained program given in Appendix D8 was written
to find the minimum HAZ with applying constraints. The results for constrained TL
maximization are shown in Table 4.55. Constrained optimized value of 4.9190 mm
was obtained in this section. The unconstrained HAZ value increased from 1.924
mm to 4.9190 mm when considered all of the responses as a constraint. The

increment is 2.995 mm for constrained optimization.

247



4. RESULTS AND DISCUSSION

Ugur ESME

Table 4.55. Constrained HAZ optimization

Global Objective value: 4.919098

Iteration: 19

Variable Value Reduced Cost
\Y 2.577672 0.000000
| 76.08548 0.000000
F 11.65038 0.000000
G 1.000000 0.000000
TL 1247 .988 0.000000
HAZ 4.919098 0.000000
uw 7.646438 0.000000
UH 0.1335872 0.000000
P 1.200000 0.000000
AP 7.517670 0.000000
Row Slack or Surplus Dual Price
1 4.919098 -1.000000
2 1.508072 0.000000
3 0.9769278 0.000000
4 56.08548 0.000000
5 73.91452 0.000000
6 3.650375 0.000000
7 0.3496249 0.000000

8 0.000000 0.1051059E-01
9 3.000000 0.000000
10 0.000000 0.2920594E-02
11 0.000000 -11.57168
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.2.2.3. Constrained UW Optimization

The Response Constrained program was written to find the minimum UW by

applying constraints. Table 4.56

shows

solution of the constrained UW

optimization. UW value of 7.4428 mm was obtained with 19 iterations when

considering the constraints as a whole. The increment in UW value is 3.698 mm for

constrained optimization.
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Table 4.56. Constrained UW optimization

Global Objective value: 7.4428

Iteration: 19

Variable Value Reduced Cost
\Y 2.253941 0.000000
| 63.60731 0.000000
F 12.00000 0.000000
G 1.000000 0.000000
TL 1248.819 0.000000
HAZ 4.687479 0.000000
uw 7.442881 0.000000
UH 0.1406728 0.000000
P 1.171031 0.000000
AP 7.441002 0.000000
Row Slack or Surplus Dual Price
1 7.442881 -1.000000
2 1.184341 0.000000
3 1.300659 0.000000
4 43.60731 0.000000
5 86.39269 0.000000
6 4.000000 0.000000
7 0.000000 0.4613741E-02
8 0.000000 0.1061598
9 3.000000 0.000000
10 0.000000 0.2016991E-01
11 0.7103147E-01 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.2.2.4. Constrained UH Optimization

The Response Constrained program was written to find the minimum UH by

applying constraints. As shown in Table 4.57 shows the solution of the constrained

UH optimization. UH value of 7.4428 mm was obtained with 30 iterations when

considering the constraints as a whole. The increment in UH value is 0.07 mm for

constrained optimization.
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Table 4.57. Constrained UH optimization
Global Objective value: 0.1187
Iteration: 30

Variable Value Reduced Cost
\Y 2.397302 0.1225735E-07
| 68.15456 0.000000
F 8.000000 0.000000
G 1.920463 0.000000
TL 1262.967 0.000000
HAZ 4.964658 0.000000
uw 7.899717 0.000000
UH 0.1187916 0.000000
P 1.182733 0.000000
AP 7.759485 0.000000
Row Slack or Surplus Dual Price
1 0.1187916 -1.000000
2 1.327702 0.000000
3 1.157298 0.000000
4 48.15456 0.000000
5 81.84544 0.000000
6 0.000000 0.2541452E-02
7 4._.000000 0.000000
8 0.9204631 0.000000
9 2.079537 0.000000
10 0.000000 0.8463389E-03
11 0.8273308E-01 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.2.2.5. Constrained P Optimization

The Response Constrained program was written to find the minimum P by
applying constraints. As shown in Table 4.58 shows the solution of the constrained
P optimization. P value of 1.3216 mm was obtained with 39 iterations when
considering the constraints as a whole. The reduction in P value is recorded as 0.01

mm for constrained optimization.
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Table 4.58. Constrained P optimization
Global Objective value: 1.3216
Iteration: 39

Variable Value Reduced Cost
\Y 1.612465 0.000000
| 108.3196 0.000000
F 12.00000 0.000000
G 2.388893 0.000000
TL 1289.816 0.000000
HAZ 7.880538 0.000000
uw 10.73387 0.000000
UH 0.2557629 0.000000
P 1.321672 0.000000
AP 10.86670 0.000000
Row Slack or Surplus Dual Price
1 1.321672 1.000000
2 0.5428650 0.000000
3 1.942135 0.000000
4 88.31955 0.000000
5 41.68045 0.000000
6 4._.000000 0.000000
7 0.000000 0.3183828E-02
8 1.388893 0.000000
9 1.611107 0.000000
10 0.000000 0.4058603E-03
11 0.1216723 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.2.2.6. Constrained AP Optimization

The Response Constrained program was written to find the minimum AP by
applying constraints. As shown in Table 4.59 shows the solution of the constrained
AP optimization. AP value of 10.640 mm” was obtained with 11 iterations when
considering the constraints as a whole. Mainly, decrease in P value caused a
reduction in AP. The reduction in AP value is recorded as 3.288 mm® for

constrained optimization.
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Table 4.59. Constrained AP optimization
Global Objective value: 10.640
Iteration: 11

Variable Value Reduced Cost
\Y 1.635331 0.000000
| 105.6970 0.000000
F 12.00000 0.000000
G 1.948333 0.000000
TL 1295.837 0.000000
HAZ 7.654247 0.000000
uw 10.48154 0.000000
UH 0.2529978 0.000000
P 1.314249 0.000000
AP 10.64013 0.000000
Row Slack or Surplus Dual Price
1 10.64013 1.000000
2 0.5657305 0.000000
3 1.919269 0.000000
4 85.69704 0.000000
5 44 30296 0.000000
6 4._.000000 0.000000
7 0.000000 0.2764973E-01
8 0.9483328 0.000000
9 2.051667 0.000000
10 0.000000 0.2652561E-01
11 0.1142490 0.000000
12 0.000000 0.000000
13 0.000000 0.000000
14 0.000000 0.000000
15 0.000000 0.000000
16 0.000000 0.000000
17 0.000000 0.000000

4.4.3. Comparison of the Predicted and Measured Results

The final step in optimization is to compare and verify the effect of TIG
welding process parameters on the weld pool geometry of the joints. The effect of
the process parameters on the TIG welding of stainless steel with the optimal weld
pool geometry has been compared. The optimal weld pool geometry has three
smaller-the-better quality characteristics, i.e. the upper width (UW), upper height
(UH), heat affected zone (HAZ) and three higher-the-better quality characteristics,
1.e. tensile load (TL), penetration (P) and area of penetration (AP).

Table 4.60 shows the comparison of the two optimization method. Results of
optimization indicate that welding speed, welding current, gas flow rate and arc gap
are the significant welding process parameters affecting the multiple quality

characteristics.
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Table 4.60. Comparison of optimization methods and optimum welding parameters

Optimum value )
Obijective Constraints Op“”?“m
© v | E G solution
3, | TL max 1.73 96.78 8.0 1.34 | TL=1330.73 kgf
8 | HAZ min 3.41 20.00 12.0 1.00 | HAZ=1.924 mm
2 | UW min 3.55 20.00 12.0 1.00 | UW=3.744 mm
O | UH min 2.72 20.00 8.00 1.96 | UH=0.04 mm
LINGO
8.0 P max 1.06S V<355 | 107 117.71 120 | 3.07 [ P=1.340 mm
AP max 20< 1L 150 1.07 150.0 12.0 3.13 | AP=13.920 mm>
8<FL12 TL= 1330.73 kgf
S § P max 1.73 96.53 8.0 1.34 :
>3 HAZ min UH=0.23 mm
q P=1.260 mm
AP=9.90 mm’
TL max 1.73 96.77 8.00 1.35 TL= 1330.73 kgf
4 HAZ min 3.44 20.50 10.80 | 3.78 HAZ=2.150 mm
2 'H UW min 3.47 22.40 1034 | 1.62 UW=4.190 mm
O -d UH min 2.72 20.05 8.00 1.96 UH= 0.04 mm
Desian d P max 1.06< V<355 [ 188 110.44 1025 | 2.84 | P=1.30 mm
Exp grt AP max 2015150 | 1.39 132.95 9.27 1.66 AP=12.22 mm’
60 8<FL 12 TL= 1261.55 kgf
g —
S g P max 2.41 67.32 9.94 1.01 —
>3 HAZ min UH=0.134 mm
® P=1.17 mm
AP=7.52 mm’

Also, experimental results have shown that the upper width, upper height,

heat affected zone, tensile strength, penetration and area of penetration of the weld

pool in the TIG welding of stainless steel are greatly improved by using this

technique.

from the derived equations is shown in Table 4.61.

The results from diagnostic test showed that, the minimum residual obtained

Table 4.61. Maximum and minimum residuals obtained from diagnostic test

Residuals TL HAZ uw UH P AP
Minimum -263.05 -0.81 -0.120 -0.10 -0.13 -2.16
Maximum 229.56 1.13 0.120 0.12 0.13 1.71
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Comparisons were made to detect the validity of the developed mathematical

formulas. Good agreement was obtained between the predicted values and actual

measured values as shown in Table 4.62.

Table 4.62. Comparison of the predicted and measured results

Predicted 1167
TL \V
Measured | 1125 1.06
(mm/s)
Predicted 5.16
HAZ
Measured 5.44
I B e ——
oW Predicted | 7.30 @) 40 e Y uw=7.69 mm, uh=0.18 mn
el - . 1 = . i T
Measured | 7.69 _° - "iPaip=1.08 mm, ap=7.48 mm2
UH F
Measured | 0.18 ] 8
(I/min)
p Predicted 1.08
Measured 1.08
G
Predicted | 7.66 1
(mm)
AP Measured | 7.48
Predicted | 1135
TL \V
Measured | 1100 1.53
(mm/s)
Predicted 3.97
HAZ
Measured | 4.13 |
Predicted | 6.52 30 | w1 uw=5.44 mm, uh=0.18 mm
ow Measured | 5.79 *) L mm".f.f-s- 8 .mm.2
UH Predicted 0.13 E
—
Measured | 0.18 ) 10
(I/min)
Predicted 1.03
P Measured | 0.96 G
Predicted 6.83 2.5
(mm)
AP Measured 5.18
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Continue of Table 4.62

Predicted 1033
TL \Vj
Measured 1000 1.06
Predicted 3.85

Measured 3.26

Predicted | 5.51 A 20 | &4 AR K. +=5 .03 mm, uh=0.15 mm i
uw A) et SRR =0 95 mm, ap
e ¥ e LR, g ur

HAZ

Measured 5.03

o %
- B 1 millimeters
Predicted 0.17 —
UH F
Measured | 0.15 ) 12
(I/min)
b Predicted 0.98
Measured 0.95
G
Predicted 6.15 1
(mm)
AP Measured | 6.01
Predicted 1236
TL \Vj
Measured | 1260 1.99
(mml/s)
Predicted 5.64
HAZ
Measured 5.30
|
Predicted | 8.60 70 o e
uw (A) , Yok - : r
Measured 8.63 L A m, ap=8.55 mm2
UM Predicted | 0.17 - . - 1 millimeters
Measured | 0.12 . 12
(I/min)
Predicted 1.15
P Measured 1.17
G
Predicted 8.26 4
(mm)

AP Measured 8.55

Furthermore, as indicated in Table 4.63, an attempt was made to compare the
optimized welding process parameters with the measured welding process

parameters. Here is also close agreement obtained with the actual parameters.
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Table 4.63. Comparison of the predicted and optimized welding parameters

Measured 1300
TL \V;
Optimized 1330 1.73
(mm/s)
Measured 6.89
HAZ
Optimized 7.07
| - o :
W Measured 9.53 @) 95 Sm?-s-«":;"m‘
Optimized | 10.07 flb=1.20 mm, ap= 9.85 mm2 |
Measured 0.20 1 millimeters
UM - PE=R
Optimized 0.23 i 8
(I/min)
Measured 1.20
P Optimized 1.27
G
Measured 9.85 1.7
(mm)
AP Optimized 9.92

4.5. Weld Pool Shape Modeling

4.5.1. Modeling with MATLAB

Weld pool geometry which includes penetration, bead height and bead width
are important physical properties of a weldment. It is said that the cooling rate of a
weld can be predicted from the weld cross-sectional area and the arc-travel rate. The
weld pool cross-sectional area together with its height and width affects the total
shrinkage, which determines largely the residual stresses and thus the distortion.
When welding brittle materials like cast iron, the shrinkage may give rise to crack
formation.

Several welding parameters seem to affect the bead geometry. Since the weld
bead results from the solidification of liquid metal, the interfacial tensions play a
significant role in determining the ultimate bead geometry. Summarizing, it can be
stated that the weld pool geometry and penetration affect the weldment

characteristics and are dependent on a number of welding variables.
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In the present investigation an attempt was made to study and predict some
of the weldment characteristics such as upper height, upper width and penetration,
as it was affected by welding parameters like arc length, welding speed rate,
welding current, gas flow rate and gap distance.

For a fairly limited number of weld trials it can be concluded that high
correlations can be achieved by using prediction program when predicting bead
width, bead height, penetration and area of penetration for single butt welds of 1.2
mm AISI 304 stainless steel. The highest correlation for all four output parameters
was achieved with MATLAB programming technique.

Knowing the values of these shape parameters may be sufficient for certain
applications, but they do not provide an actual predicted weld pool profile. Such a
predicted cross-sectional profile would allow for a visual means of assessing the
accuracy in the profile predictions and also allow for a visual means of evaluating
the effect of process parameters on the weld pool shape. To address this need for
predicting the actual weld profiles, a program given in Appendix C was written in
MATLAB programming language to convert the predicted shape parameters into a
weld profile.

The general run mode of the written MATLAB program is shown in Figure

4.69.
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Figure 4.69. Run mode of the program

This program calculates the weld pool parameters (TL, HAZ, UW, UH, P,
AP) and draws the predicted shape according to the entering inputs (V, I, F, G) as

shown in Figure 4.70.

Figure 4.70. Final predicted weld pool shape (end of the MATLAB program)

Comparison was made with the actual weld pool geometry and predicted
weld pool geometry to show the visual means of evaluating the effect of process
parameter on the weld pool shape. Good agreement was obtained between measured

weld profile and predicted weld profile, as shown in Table 4.64.
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Table 4.64. Comparison of predicted weld pool profiles

Process Pool Properties Measured Weld Profile Predicted weld profile
Parameters Prop. Mea. calc. Actual MATLAB
TL 1125 1166.1
V=1.06mm/s HAZ 5.44 5.44
1=40A uw 7.69 7.30
F=8 /min UH 0.180 0.193
G=lmm P 1.08 | 1.0822
AP 7.48 7.668
Process Pool Properties Measured Weld Profile Predicted weld profile
Parameters Prop. Mea. Calc. Actual MATLAB
TL 1260 1236.3
V=1.99mm/s HAZ 5.30 5.64
I=70A uw 8.63 8.60
F=12 l/min UH 0.12 0.16
G=4mm P 1.17 1.150
AP 8.56 8.25
Process Pool Properties Measured Weld Profile Predicted weld profile
Parameters Prop. Mea. Calc. Actual MATLAB
TL 750 950
V=1.53mm/s HAZ 2.55 2.68
I=10A uw 4.22 5.11
F=10 I/min UH 0.09 0.09
G=2.5mm P 0.75 0.88
AP 4.60 5.51
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4.5.2. Neural Network Analysis

Neural networks are based on a methodical scheme in which inputs are
related to outputs by a system of interconnected nodes. Neural networks are a highly
flexible modeling tool with an ability to learn the relationships between input
variables and output feature spaces. It has been shown that neural networks are
superior to traditional approaches in modeling manufacturing processes with highly
non-linear, strongly coupled characteristics. A back-propagation network was
considered to construct the relationships between welding process parameters and
the features on the weld pool geometry.

In this study, the neurons of the input layer are used to receive the process
parameters, i.e., welding speed, welding current, gas flow rate and arc gap. The
neurons of the output layer are used to send out six features on the weld pool
geometry, i.e., tensile load, heat affected zone, upper width, upper height,
penetration and area of penetration. As a result, there are four input variables and six
output variables in the back-propagation network. The number of neurons in the
hidden layer was determined by trial-and-error experimentation. To establish
properly the relationships between welding process parameters and the features on
the weld pool geometry, a number of TIG welding experiments as a training data
were carried out according to the Table D1 in Appendix D.

Training takes the form of adjusting the weights (connections) between the
nodes in the different layers. Once the optimal neural network weights are
determined, the process of calculating the outputs from a set of inputs is a rapid and
trivial task. Neural network training was carried out with the use of a training data
set that contains sets of inputs and corresponding, experimentally determined
outputs. The neural network was developed by comparing the predicted output
values with the actual outputs and, using an optimization scheme, adjusting the
weights to minimize the prediction error.

Through the learning process, which involved thousands of iterations, a
complex relationship between the inputs and output evolved. Eventually, the

network “learned” a scheme in which outputs were associated with the inputs. In the
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present analysis, Qwiknet V2.23 software program was used for the neural network
development. Also, MATLAB codes for neural network were written in order to
create another alternative for neural network solvers. The written program in
MATLAB language is given in Appendix C.

After learning process of the network, the connection weights according to

the input and output nodes were found as shown in Table 4.65.

Table 4.65. Connection weights between input, output and hidden layers

Input Hidden layer node number
layer node 1 2 3 4 5
Bias 8.98654 1.95867 -0.468343 0.232803 -1.51125
Velocity -8.53646 3.49575 -0.003059 -0.81455 2.287120
Current -1.87252 2.43242 -0.163630 0.593715 -0.239929
Gas flow 0.951458 -6.86457 -0.16584 0.117838 -5.46895
Arc gap 8.25133 -5.41284 -0.61699 -2.88346 -1.32354
Hidden Output node
node
number TL HAZ Uw UH P AP
Bias -3.60389 -0.905768 1.08144 -5.12274 1.31375 2.06967
1 1.53855 1.49383 3.36355 -2.68354 -0.022030 -2.20858
2 -1.50829 -0.478542 5.70713 -3.16411 1.00531 -0.921646
3 1.8928 2.54372 -4.34028 -2.19703 -1.83259 -0.024737
4 0.34106 2.16982 1.67857 -5.06617 1.69595 -1.43516
5 0.107818 1.86656 2.00923 -3.67969 0.522064 -1.75875

Ninety different experimental welds were made, as listed in Appendix D
Table D1. These welds provide a total data set of 90 weld conditions and the
corresponding weld pool parameters. For the purpose of identifying the optimal
network architecture and testing the adequacy of the network model thirty-eight
testing data were prepared as shown in Appendix D Table D2.

The optimum architecture was selected as the one with the minimal

predictive error. Figure 4.71 shows the training and predictive errors, averaged over
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the 38 training/testing pairs, as a function of the number of hidden nodes. A small

predictive error was found for five hidden nodes
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Figure 4.71. Average RMS errors as a function of iteration number for network
learning and testing

The predictive capability of the resultant networks was evaluated by
predicting the pool parameters for the previously unseen conditions in the test sets.
In this way, the predictions were made for conditions that were not used in the
training of the networks and therefore represented true predictions.

In many neural network applications, the number of hidden nodes is
inappropriately high compared with the amount of data available for training the
network. The result is that the network fits the training data very well but its
predictive capabilities are poor. This condition is referred to as overfitting. As a rule
of thumb, the number of connections between the inputs and the hidden nodes in the
neural network should be less than the number of data points available for training.
In the present work, the number of data points available for training (90) was

enough.
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The analysis showed that an optimum neural network, based on a minimum
prediction error, contained five hidden nodes. For the four process parameters that
were used as input variables and the bias, this corresponds to 61 connection weights.

In this study, neural network modeling appeared to be well suited for
predicting weld pool shape, particularly when there is no other predictive capability
using theoretical numerical models. The model predictions were shown to be in
good agreement with the experimental pool properties. Neural networks are ideally
suited for identifying trends and relationships between actual and predicted values
and this capability is demonstrated in Figures 4.72-4.77 for prediction of the TIG
welding parameters. The full forms of the comparisons Tables are given in

Appendix D Table D3.
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Figure 4.72. Comparison of the results for TL
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Figure 4.74. Comparison of the results for UW
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The present analysis showed that neural network modeling is a viable means

for predicting weld pool shape as a function of weld process conditions. Accurate

predictions could be achieved after training the network with a limited amount of

experimental data. The neural network model indicates that the weld pool geometry

is a sensitive function of the input parameters such as welding speed, current,

shielding gas flow rate and arc gap.

4.6. Controlling the Applicability of the Mathematical Formulation for

Different Thicknesses

The applicability of the mathematical formulations was tested for the same

material AISI 304 and thickness of 2mm. The same procedure was applied step by

step as follows;

v'Choosing the design type as response surface and central composite

design
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v'Design of experiments: lower and upper limits were determined
according to the Table E1 in Appendix E
v Their levels were determined (Appendix E Figure E1)
v" Determining the completed response form (Appendix E Figure E2)
v'Creating the design layout and recording responses (Appendix E
Figure E3)
v/ Statistical analysis of results
0 sequential model sum of squares for TL and HAZ separately
(Appendix E Table E2-E3)
0 lack of fit tests for TL and HAZ respectively (Appendix E
Table E4-ES)
0 Model Summary Statistics for TL and HAZ (Appendix E
Table E6-E7)
O Analysis of variance for TL and HAZ (Appendix E Table
E7-EB)

After from these steps the final quadratic mathematical models were
constructed according to equation 4.1 given in mathematical modeling section and
final mathematical equations were derived for TL and HAZ as follows;

Transverse tensile strength:

TL=-1374.16364 - 237.70287 * V + 1245075 * 1 +

512.03844 * F + 272.94085 * G -4.00437 * V* -0.055744 *

I-20.99482 * F* -8.36397 * G* + 2.51509 * V * [ -

6.28773 * V. * F - 20.12072 * V * G - 0.31250 * [ * F -

0.30303 *1* G- 16.66667 *F * G (4.10)
Heat affected zone:

HAZ=6.99690 - 1.02651 * V +0.074079 * I -0.84935 * F -

0.69361 * G + 0.13748 * V2 - 1.17121E-004 * 12 +

0.041640 * F2 + 0.12470 * G2 - 8.24035E-003 * V * | -

7.54527E-004 * V * F- 1.00604E-003 * V * G + 5.11364E-

005 *1* F - 1.43939E-004 * 1 * G + 4.79167E-003 * F * G (4.11)
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Here is also optimization was made using Design Expert 6.0 software.

Optimization condition and optimization results for AISI 304 2 mm stainless steel

sheet is shown in Table 4.66 and 4.67 respectively.

Hame

=
HAZ

Table 4.66. Optimization conditions for 2mm AISI 304 sheet
Upper

Goal
iz in range
iz in range
iz in range
iz in range

maximize

minimize

Lower
Limnit
169
52

9

1.75
830
1.23

Limit
2493
"7
i
323
19583
923

Lower

Weight

1
1
1

Upper
Weight

1
1
1

Importance

L S T S N T i

Ten solutions were found according to the given situation in Table 4.38. The

optimized solution is shown in Table 4.67.

Humber

0w e ~d m th = L R

-

Table 4.67. Optimization results for 2 mm AISI 304 stainless steel sheet

v
1.69
1.69
1.69
1.69
1.70
1.69
1.69
1.69
2493
293

1
22.02
322.00
22
32.00
52.00
52.00
a34.24
52.00
98.75
99.43

F
10.33
10.37
10.23
10.23
1057
1028
1023
10351
1012

9.3

G
273
267
274
2649
272
303
2458
2.36
2
277

TS
1779.04
1775.64
1775.23
1777.86
177652
177951

1782
177537
18401
182397

HAZ
329753
3.29368
329458
329328
3.29402
331442
3.39937
3.30195
383298
3.79E12

Desirability
0.7a0
0.7a0
0.7a0
0.730
0.y7a
0.y7a
0.y7a
0775
0.765
0.764

In order to compare the optimized values for different thicknesses to show

the applicability of the developed formulas, the same optimization conditions were

provided (namely discarding UW, UH, P and AP) as indicated in Table 4.38 for 1.2

mm AISI 304 steel. Then, the seven optimization conditions were obtained for

maximization TL and minimization HAZ for 1.2 mm thicknesses as shown in Table
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4.68. The welding parameters of V=3.55 mm/s, [=134 A, F=9.93 I/min, G=1.94 mm
resulted in maximum TL= 1933 kgf and minimum HAZ=3.874 mm just for two

constraints (TL and HAZ).

Table 4.68. Optimization results for 1.2 mm AISI 304 stainless steel sheet
v 1

Humber F G TL HAZ  Desirability
1 225 20.54 9.09 1.00 1229.08 4115393 0.746
2 225 51.00 9.1 1.00 122947 41172 0.746
3 225 2075 9.06 1.00 1228.38 41032895 0.746
4 225 2116 914 1.00 1229.54 412251 0.746
5 225 5081 G.54 1.00 122533 4 10695 0.746
[ 225 a0.97 .05 1.00 12258.01 412551 0.744
7 283 94 .55 12.00 1.00 122327 5.39545 0542

The welding parameters of V=2.25 mm/s, [=50.8 A, F=9.14 I/min, G=1mm
resulted in maximum TL= 1229.54 kgf and minimum HAZ=4.122 mm just for two
constraints of TL and HAZ.

The next step is the effect of welding parameters on the responses. The
interaction graphs of the parameters were shown in Figure E5-E16 for the responses
of transverse tensile strength and heat affected zone. The comments on the
interaction effects of welding parameters can be made as explained in the above
section (interaction effects of TIG welding parameters).

The obtained result in this section of the study supported that we can apply
the same procedure for the different thickness and materials with or without

changing the welding procedure.

4.7. Multipass TIG Welding of Stainless Steels

4.7.1. Temperature Distribution in Multipass TIG Welding

In the welding process, the most interesting regions for heat transfer analysis

are the fusion zone (FZ) and the heat affected zone (HAZ), where high temperatures

are reached. These high temperature levels cause phase transformations,
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microstructure, microhardness, alterations in the mechanical properties and residual
stresses that will be present in the material after cooling to room temperature. The
calculations to estimate the temperature distribution in multiple pass welding is more
complex than in the single pass processes, due to superimposed thermal effects of
one pass over the previous passes. Thus, very limited experimental data regarding
temperature distribution during multipass welding of plates is available in the
literature.

Due to the intense concentration of heat in the heat source of welding, the
regions near the weld line undergo severe thermal cycles. The thermal cycles cause
non-uniform heating and cooling in the material, thus generating inhomogeneous
plastic deformation and residual stresses in the weldment. The presence of residual
stresses can be detrimental to the performance of the welded product. Tensile
residual stresses are generally detrimental, increasing the susceptibility of a weld to
fatigue damage, stress corrosion cracking and fracture.

Plates of different thickness are used in the industry and thicker plates are
normally joined by multipass welding. In a multipass welding operation, the number
of thermal cycles that the material undergoes during welding is same as the number
of passes, and with each pass, the residual stress pattern changes. Measurement of
temperature distribution in the regions adjoining the weld, after each pass of
welding, will be useful in estimating the maximum temperature rise expected in the
base plate region during any pass of welding operation, thus enabling optimization of
welding procedures.

Welding was carried out in a down-hand position. Weld beads were laid
parallel to the weld pad centre line. Thermocouples were used to measure the
transient temperatures during welding. The thermocouples were fixed in the middle
region of the plate, at mid plane level. Temperatures were measured at different
distances from the weld pad centre line on both the left and right side plates of the
weld pad. The temperature variations during experiments were recorded using P.A.
HILTON multichannel data logger. Four and six passes were applied for 8 mm and

10 mm stainless steel plates.
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The temperature distribution obtained on the left and right side plates during
welding of 8 mm and 10 mm AISI 304L thick stainless steel plates are shown in

Figure 4.78, Figure 4.79, Figure 4.80 and Figure 4.81 respectively.
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Figure 4.78. Temperature distribution on the left side plate of 304L 8§ mm
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Figure 4.79. Temperature distribution on the right side plate of 304L 8 mm
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Figure 4.80. Temperature distribution on the left side plate of 304L 10 mm
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Figure 4.81. Temperature distribution on the right side plate of 304L 10 mm

Similarly, the temperature distribution in 316L stainless steels plates of

thicknesses 8 and 10 mm plates are shown in Figure 4.82, Figure 4.83, Figure 4.84
and Figure 4.85.
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Figure 4.82. Temperature distribution on the left side plate of 316L 8 mm
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Figure 4.83. Temperature distribution on the right side plate of 316L 8§ mm
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Figure 4.84. Temperature distribution on the left side plate of 316 10 mm
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Figure 4.85. Temperature distribution on the right side plate of 316L 10 mm
During each pass of the weld, the temperature at the measuring point

increases, reaches a maximum value then decreases. The point that is nearest to the

weld pad center line reaches the highest maximum temperature.
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In multipass welding, weld passes are laid along different weld lines,
parallel to the weld pad center line, in the V-groove joint between the plates.
However, in some cases (in industry), the weld pass may be laid closer to the left or
right side, to fill V-groove with a filler material. For example, pass no 2 and 3 in
304L 8 mm (left side), Figure 4.78, because of the maximum temperature indicated
by the thermocouples located on the left side plated were lower than the temperature
measured on the opposite plates for the same pass.

The average maximum temperature rise is the average of maximum and
minimum temperature differences for the same pass and same thermocouple
locations of left and right side plates. As shown in Figures 4.86-4.89, the average
value of maximum temperatures indicated by the thermocouples, for the same pass,
located at the same distance from the weld centre line (left or right side of the plate)

gave the representative values of the maximum temperatures obtained.
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Figure 4.86. Average maximum temperature rise at different points for 304L 8 mm
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Figure 4.87. Average maximum temperature rise at different points for 304L 10 mm
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Figure 4.88. Average maximum temperature rise at different points for 316L 8 mm
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Figure 4.89. Average maximum temperature rise at different points for 316L 10 mm

From these curves, it may be seen that the average maximum temperature rise
uniformly varies with the distance from the weld pad centerline. Knowledge of
average maximum temperature rises may be useful in the estimation of maximum
temperatures attained by different regions of the base plate during multipass welding.
Likely changes in the microstructure and consequent degradation in mechanical
properties can be estimated from this information.

From the results obtained, the following points can be observed:

1. As expected, during each pass of the weld, the temperature at the
measuring point increases, reaches a maximum value and then
decreases. The point that is nearest to the weld pad centre line reaches
the highest maximum temperature.

2. A time gap of 2 min was given between two passes in the
experimental work. It can be seen from the experimental results (for
instance, Figure 4.79) that during the cooling phase of any pass, the
cooling rate is steep during the initial stage but not as steep in later
stages. This time gap of 2 min given in the experimental work is a
representative value of the time duration between passes in practical

welds.

277



4. RESULTS AND DISCUSSION Ugur ESME

3. The average value of maximum temperatures indicated by the
thermocouples, for a particular pass, located at the same distance from
the weld centre line (on the left or right side plate) will give
representative values of maximum temperatures at the referred
distance during that pass.

4. The distances indicated in the temperature distribution plots (Figures
4.78-4.85) are as measured from the weld pad centre line. However, it
can be noted that since the temperatures were measured at a mid-plane
level, the distances between the weld fusion point and the points of
measurement will be less than these values.

5. The difference between the values highest and lowest values of
temperature (As-a;) for the same thermocouple will give the
maximum temperature rise attained at the point of measurement

during that pass. Likewise, the maximum temperature rise ( A, —a,)

attained by a measurement point located at the same distance from the
weld pad centre line, on the other plate of the weld pad, can be
obtained from the experimental results by applying the same
procedure.

6. The average value of these two maximum temperature rises will give

the “average maximum temperature rise” at the referred measurement

point (average of (B,-b) and (B, — b, ) and so on).

4.7.2. Effect of Welding Parameters on the Quality of Multipass Welded

Joints

There are many parameters which affect the quality of TIG welded joints.
These are namely, welding current, welding speed, shielding gas flow rate and gap
distance. The effects produced by the most important of these variables on tensile
strength, microhardness and microstructure were analyzed through this section of the

study.
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4.7.2.1. Effect of Electrode Tip Geometry on the Penetration Profile

The shape of the Tungsten electrode is an important process variable in
GTAW. Tungsten electrode may be used with a variety of tip preparations. In this
study, various electrode geometries of 0° (or 180°), 15°, 30°, 45°, 60°, 75°, 90° were
used to examine the effect of each tip preparation on the weld pool geometry. To
analyze the influence of electrode tip geometry welding speed, welding current, gas
flow rate and arc gap were kept constant whereas the tip geometry was changed from
0° to 90°.

As shown in Figures 4.90-4.96, results that is for 4 mm AISI 304 stainless
steel obtained in this study showed that, as the included angle increases, the weld
penetration and weld depth increases until 45° electrode tip angle, between 60° and
90° electrode tip angle the shape of the weld bead geometry changing irregularly and
weld penetration decreases. For the 0° (or 180°) electrode tip angle the weld bead
geometry is V-shaped due to the blunt electrode geometry. However, for the other tip

angle configurations the weld bead shapes are drop-shaped.
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Figure 4.91. 15° Electrode tip angle (25X)
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Figure 4.95. 75° Electrode tip angle (25X)
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Figure 4.96. 90° Electrode tip angle (25X)

During the experiments the following points were observed.
1. Sharper electrodes resulted in; easy arc starting,
2. Good arc stability but shorter electrode life due to melting of the sharp
electrode tip going into the weld pool,
3. With blunter (especially at 0°) electrodes; it was harder to start the arc
also had longer electrode life.
It was concluded in this study that, regardless of the electrode tip geometry
selected, it is important that a consistent electrode geometry should be used once a
welding procedure is established. Changes in electrode geometry significantly

influence the weld bead shape and size and hence the joint quality.

4.7.2.1.1. Effect of Electrode Tip Geometry on Microhardness

Distribution

When austenitic stainless steels are used in the temperature range between
425 and 870 °C, carbide precipitation may occur at the material grain boundaries
(HAZ). Carbide precipitation changes the microstructure and increases the
microhardness. The formation of chromium carbide depends on the working
temperature, the grain size and the amount of carbon contained in the steel.

Microhardness profiles of 4 mm AISI 304 stainless steel under different
electrode tip geometry is shown in Figure 4.97. For all welding processes the
workpiece materials (base material) had a hardness of between 155 and 170
Hardness Vickers (HV3y) approximately. We can conclude from the graphs that,

larger HAZ zone was obtained on the joints welded with electrode tip angles between
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15° and 45° due to the wider weld pool. The hardness profiles obtained on these
joints range from 293 to 350 HV3o. Workpieces welded with the electrode angles
between 0°, 60° and 90°, hardness of which ranges from 300 to 350 HV;p, had a
smaller HAZ zone due to the narrower weld pool geometry with respect to other tip
angles less than 45°. The microhardness taken from HAZ zone of the weldments had

higher values. The reason was the carbide precipitation in this region.
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Figure 4.97. Microhardness distribution under varying electrode tip geometry
(AISI 304, t= 4mm, V=1.923 mm/s, [=80 A, F=8 I/min, G=2 mm)

4.7.2.2. Welding Current
4.7.2.2.1. Effect of Welding Current on Tensile Load

The results shown in Figure 4.98 were obtained from the multipass welding
experiments performed on 5 mm AISI 304L stainless steel. Experiments were
performed to examine the effect of each welding parameter on the transverse tensile

strength of the joints. In these experiments workpiece and electrode material and
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joint type (60° V-groove joint) were kept constant whereas the other welding
parameters (welding current, welding speed, gap distance or arc length, gas flow rate

and electrode tip angle) were altered.
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Figure 4.98. Effect of current and electrode tip angle on transverse tensile load
(AISI 304L, t=5 mm, V=2.040 mm/s, F= 8 I/min, G=2 mm)

The maximum transverse tensile load of 4500 kgf was obtained for a
crosssectional area of 60 mm” at 45° electrode angle, 80 A current 2.040 mm/s torch
travel speed, 8 I/min gas flow rate and 2mm arc length for 5 mm AISI 304L stainless
steel sheet.

The transverse tensile load increases to a certain current level of 80 A then
decreases. This is due to the excessive heating (high heat input rate at constant speed)
of the molten weld pool which changes the microstructure and weld bead shape. At
high welding currents, tungsten particles transferred to the weld, flat and rough weld
bead and electrode deterioration were observed. However, at low welding currents,
an uneven high, round weld bead and arc wandering emetically over the end of the

electrode were observed.
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4.7.2.2.2. Effect of Welding Current on Microhardness

Amount of heat input to the weld pool through adjusting welding current
controls the size of heat affected zone directly, e.g. the higher the current applied, the
larger heat affected zone is obtained. Microhardness distribution obtained with
different welding current is shown in Figure 4.97. In all conditions, hardness values
obtained in HAZ (between 178 and 210 HV3,) was higher than the hardness values
obtained in the fusion zone. This finding is in agreement with Durgutlu (2004) who
reported that the hardness of weld metal was lower than the HAZ and base metal.
This hardness variation in HAZ was due to different cooling rates in the heat affected
zone. Hence, different microstructures were formed under different cooling rates.
Therefore heat affected zone was divided into three regions such as fine grained
zone, coarse grained zone and partially tempered zone. Generally, coarse grained
zone which was occurred near the weld metal zone had the highest hardness for all
welding currents.

Increasing current caused high heat input to the base metal and hence this
caused longer solidification time for the melt metal. This will much produce carbide
precipitation and will increase the microhardness.

At higher current values (80 and 90 A) higher hardness was obtained due to
the high heat input formed high carbide precipitation and parallel orientation of the
grain size to the heat flow direction. Fusion zone hardness was measured as between

150 and 200 HV3.
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Figure 4.99. Effect of current on microhardness profile
(AISI 304, t= 4 mm, V=1.923 mm/s, F=8 I/min, G=2 mm, §=45°)

4.7.2.2.3. Effect of Welding Current on Microstructure and Pool Shape

Austenitic stainless weldments have often been subject to intergranular
attack (IGA). This behavior is particularly prevalent in chloride-bearing aqueous
environments, and it is usually typified by accelerated attack in the HAZ. The basis
for this attack is related to a phenomenon known as sensitization whereby exposure
or slow cooling in the temperature range from 400 to 850 °C promotes the formation
of chromium rich carbides (M23Cs) along the austenite grain boundaries. When the
austenitic stainless steels are heated up to the sensitization temperature range and if
the time within this temperature range is sufficient, then intergranular carbides will
nucleate along austenite grain boundaries. The level of precipitation and the
associated degree of sensitization are approximately proportional to the carbon
content of the austenitic stainless. Conventional austenitic stainless steels can retain a

maximum of about 0.02% C in solid solution over their service temperature range
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(up to 600 °C). Thus, as carbon content increases above this level, the driving force
for carbide precipitation increases. In this study AISI 304 austenitic stainless steel
with the carbon content of 0.08%.

The photomicrographs of the transition zone of the specimens which were
welded under the currents of 60 A, 70 A, 80 A and 90 A are given in Figure 4.100.
Grains in the weld metal oriented parallel to the heat flow. Durgutlu (2004) also
reported similar result. He reported that grains in the weld metal were parallel to the

heat flow.

60 A 70 A

80 A 90 A

Figure 4.100. Effect of welding current on microstructure (50X)
(AISI 304L, t=4 mm, V=1.923 mm/s, F=8 [/min, G=2 mm)

Weld metal grains were formed as dendrites. It is a well known fact that
increasing current increases the heat input. Increasing heat input to the weld metal

causes longer solidification time for the melt metal. Since longer solidification time,
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some grain orientations occurred in different directions due to the heat flow in weld.
Since more heat input, mean grain size is larger than that of sample welded under
low welding currents.

At high welding current (results in high heat input to the workpiece) ferrite
transforms into a more brittle sigma phase this causes reduction in ductility, impact
strength.

Figure 4.101 shows the effect of current on weld pool geometry. As can be
seen from the Figure, arc current controls the weld penetration; the effect is directly
proportional to the weld depth because of the heat input to the workpiece from the
welding arc. The depth of penetration is linearly increasing and reached maximum
value at 80 A. The welds are drop-shaped. Excessive current, 90 A, changed the weld

pool shape and caused an irregular change in macrostructure.

60 A 70 A

80 A 90 A

Figure 4.101. Effect of current on weld pool geometry
(AISI 304L, t=4 mm, V=1.923 mm/s, F=8 I/min, G=2 mm)
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4.7.2.3. Welding Speed
4.7.2.3.1. Effect of Welding Speed on Tensile Load

Arc penetration is usually inversely proportional to welding speed. As
shown in Figure 4.102, at high welding speeds due to the insufficient penetration,
low tensile load was observed. However, excessive slow welding speeds caused
excessive penetration and flat weld bead. The maximum transverse tensile load of

4500 kgf was obtained for a cross sectional area of 60 mm? at 2.040 mm/s welding

speed.
5000 7
LA
@ 4500 1 =15
E 4000 A 3
3 45
E 3500 .
B
¥ 3000 A .75
: -50
= 2500
2000 T T ]
13 1.2 23 28
Wealdmg Speed (nenis)

Figure 4.102. Effect of speed and electrode tip angle on transverse tensile load
(AISI 304L, t=5 mm, I=80 A, F=8 I/min, G=2 mm)

4.7.2.3.2. Effect of Welding Speed on Microhardness

Figure 4.103 shows the microhardness profile with changing welding speed.
At lower speeds, the HAZ zone had the higher hardness between 198 and 280 HV3g
due to the concentrated heat. Higher speeds caused to decrease in hardness between

175 and 195 HV3o. Fusion zone hardness was measured as between 150 and 185
HV3o.
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Figure 4.103. Effect of welding speed on microhardness profile
(AISI 304, t=4 mm, [=80 A, F=8 I/min, G=2 mm, §=45°)

4.7.2.3.3. Effect of Welding Speed on Microstructure and Pool Shape

The heat input and the welding speed can affect the solidification mode of
weld metal significantly. Depending on the solidification and welding speed,
different structures can be observed in the weld region. The weld has a primary grain
structure and each grain has a substructure that results from microsegregations. The
type of microstructure observed depends on the form of solidification front, and the
solidification parameter, which is equal to the temperature gradient G into the liquid
divided by that rate of advance of the solidification front R. The temperature gradient
G is equal to the melting temperature (Ty,) divided by the distance between the heat
source and the rear of the weld pool (x). The solidification parameter is then

expressed as:

G/R=T, /Vx (4.12)
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The solidification mode changes from planar to cellular and dendritic as the
ratio G/R decreases. Savage and et al. (1968) stated that when the welding speed
increased from 0.85 mm/s to 6.77 mm/s under the constant current of 150 A, weld
microstructure changed from cellular to very fine cellular. However, under the same
welding speed range and constant current of 450 A, weld microstructure changed to
coarse cellular dendritic and severe undercutting was observed.

As shown in Figure 4.104, at low velocities (high solidification parameters)
the central part of the weld has grains running longitudinally, and this is associated

with a nearly circular weld pool.

1.612 mm/s

1.923 mm/s 2.040 mm/s

Figure 4.104. Effect of welding speed on microstructure (50X)
(AISI 304L, t=4 mm, [=80 A, F=8 I/min, G=2 mm)

290



4. RESULTS AND DISCUSSION Ugur ESME

With a higher welding speed, the weld pool becomes more elongated. Grains
growing at the fusion boundaries are blocked by the grains growing from the rear of
the weld pool. This gives a randomly oriented grain structure. The resulting grain
structure of the weld appears to depend on three factors: the composition (solute
content), the solidification parameter, and the shape of the weld pool.

Welding speed (torch travel speed) affects both the width and penetration of
the joints as seen in Figure 4.105. However, if we compare the speeds of 1.612 and
2.040 mm/s, its effect on width is more pronounced than that on penetration. When

the welding speed is increased the penetration decreased gradually.

1.612 mm/s 1.785 mm/s

1.923 mm/s 2.040 mm/s

Figure 4.105. Effect of welding speed on weld pool geometry
(AISI 304L, t=4 mm, [=80 A, F=8 I/min, G=2 mm)
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4.7.2.4. Gas Flow Rate
4.7.2.4.1. Effect of Gas Flow Rate on Tensile Load

Experimental results of the study, shown in Figure 4.104, showed that
excessive gas flow rates caused a decrease in the joint strength due to the turbulence
and atmospheric contamination. Low flow rates resulted in a weak strength because
of the excessive heat and insufficient cooling rate of the weld pool. The maximum
transverse tensile load of 4500 kgf was obtained for a cross sectional area of 60 mm?

at 8 I/min gas flow rate and 45° electrode tip angle.
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Figure 4.106. Effect of gas flow and electrode tip angle on transverse tensile load
(AISI 304L, t=5 mm, V=2.040 mm/s, [=80 A, G=2 mm)

4.7.2.4.2. Effect of Gas Flow Rate on Microhardness

Figure 4.107 shows the microhardness profile with variable 99% argon gas
flow rate. Higher flow rates caused rapid solidification and caused higher HAZ
hardness between 175 and 218 HV3y. Lowering the gas flow rates decreased the
HAZ hardness between 160 and 175 HV;o. Fusion zone hardness was measured as

between 158 and 170 HV5,.
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Figure 4.107. Effect of gas flow rate on microhardness profile
(AISI 304, t=4 mm, V=1.923 mm/s, [=80 A, G=2 mm, 0=45°)

4.7.2.4.3. Effect of Gas Flow Rate on Microstructure and Pool Shape

If the cooling rate is high then the grains will grow at a faster rate and hence
cover up more area and leave a smaller equiaxed zone in the top middle of the weld
pool. As illustrated in Figure 4.108, larger grain grow was obtained under high flow
rates of 12 I/min and 14 I/min due to the rapid solidification rate. The grain structure

is getting coarser and more pronounced when the flow rate is increased.
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Figure 4.108. Effect of gas flow rate on microstructure (50X)
(AISI 304, t=4 mm, V=1.923 mm/s, [=80 A, G=2 mm, §=45°)

The penetration depth is related to the selected gas and gas flow rate. The
minimum shielding gas flow rate is determined by the need for a stiff stream to
overcome the heating effects of the arc and cross drafts. As illustrated in Figure
4.109, excessive flow of 14 I/min, caused concave region at the middle of the weld
pool due to the high gas pressure and rapid solidification. The optimum result was

obtained at a gas flow rate of 8 I/min.
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Figure 4.109. Effect of gas flow rate on weld pool geometry
(AISI 304, t=4 mm, V=1.923 mm/s, [=80 A, G=2 mm, 0=45°)

4.7.2.5. Gap Distance (Arc Length)

4.7.2.5.1. Effect of Gap Distance on Tensile Load

Figure 4.110 shows the effects of arc length with variable electrode tip angle
on the Transverse Tensile load of the TIG welded joints.

We can be concluded from the Figure 4.110 that, arc length is important in
this process because it affects the weld pool shape. Since, pool width is proportional
to arc length as it increases the tensile load begins to decrease due to the depth
(shallower depth) to width (large width) ratio decreases. Of course, recognition needs
to be given to the possibility of short circuiting the electrode to the pool if the arc is

too short.
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Figure 4.110. Effect of arc length and electrode tip angle on transverse tensile load
(AISI 304L, t=5 mm, V=2.040 mm/s, =80 A, F=8 I/min)

The maximum transverse tensile load of 4500 kgf was obtained for a cross
sectional area of 60 mm” at a gap distance of 2 mm. Higher gap distances caused a
decrease in the weld strength. It can be stated that, the greater the arc length, the
higher is the heat leakage to the surrounding atmosphere which results with
inefficient welding and smaller depth to width ratio. Whereas the opposite is also

true.

4.7.2.5.2. Effect of Gap Distance on Microhardness

Figure 4.111 shows the microhardness profile with changing gap distance
(arc length). Increasing gap distance caused higher heat leakage and decreased the
HAZ hardness between 160 and 190 HV3. Small distances had higher HAZ hardness
values between 178 and 200 HV3o. Fusion zone hardness was measured as between

150 and 190 HV3.
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Figure 4.111. Effect of gap distance on microhardness profile
(AISI 304, t=4 mm, V=1.92 mm/s, [=80 A, F=8 I/min, §=45°)

4.7.2.5.3. Effect of Gap Distance on Microstructure and Pool Shape

As mentioned earlier, increasing arc gap decreased the heat input due to the
heat leakage to the environment and hence microstructure and weld pool shape of the
welded samples. Matsunawa and Shinichiro (1994) demonstrated that the plasma
shear stress induced by a long arc gap in TIG welding can outweigh both the Lorentz
force in the weld pool and the surface tension gradients along the pool surface. They
have found that the samples welded at a gap distance of 8 mm produced much wider
and shallower weld pool geometry than the samples welded at a gap distance of 2
mm. For a longer and thus wider arc gap, the Lorentz force in the weld pool is
smaller because of flatter and wider current density distribution at the pool surface.
The surface tension gradients are also smaller because of the flatter and wider power
density distribution.

At lower gap distances of 1 mm and 2 mm, the weld pool and grain
structure is clear. However, at high gap distances of 3 mm and 4 mm, the weld pool,
as shown in Figure 4.112, is less pronounced because of high heat loss to the

surrounding from the welding arc.

297



4. RESULTS AND DISCUSSION Ugur ESME

Figure 4.112. Effect of arc length on microstructure (50X)
(AISI 304, t=4 mm, V=1.92 mm/s, [=80 A, F=8 I/min, §=45°)

As indicated in Figure 4.113, the effect of arc gap is more pronounced on
both width and depth of penetration. Gap distance less than 1 mm caused electrode
sticking and sometimes short circuiting. Increasing arc length caused wider weld
depth with shallow penetration. Gap distance of 2 mm gave the maximum

penetration, width and optimum result.
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Figure 4.113. Effect of gap distance on weld pool geometry
(AISI 304, t=4 mm, V=1.92 mm/s, I=80 A, F=8 I/min, #=45°)
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5. CONCLUSION AND FUTURE STUDIES

5.1. Conclusion

New requirements on high productivity make tungsten inert gas welding an
interesting alternative to ordinary arc welding for applications of transport industry,
aerospace industry, food industry, machine construction, and the places where the
stainless steels are used.

Since the tungsten inert gas welding is a high speed and readily automated
process, all welding parameters could be controlled and used in a proper combination
to produce an acceptable weld pool geometry in the manufacturing stations.

Weld pool geometry plays an important role in determining the mechanical
properties of the weld. Therefore, it is very important to select the welding process
parameters for obtaining an optimal weld pool geometry. Usually, the desired
welding process parameters are determined based on experience or from a handbook.
However, this does not ensure that the selected welding process parameters can
produce the optimal or near optimal weld pool geometry for that particular welding
machine and environment.

In this work the effect of tungsten inert gas welding parameters on the weld
pool geometry and quality of the joint was investigated. The following conclusions

were derived after analysis of the experiments carried out in this work.

1. Multipass welding of TIG welded joints;

v’ During each pass of the TIG welded thick steel sheet, the
temperature at the measuring point increased, reached a
maximum value (peak temperature) and then decreased. The
point nearest to the weld pad centerline reached the highest
maximum temperature

v’ The average value of maximum temperatures indicated by

the thermocouples, for a particular pass, located at the same
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distance from the weld centre line (on the left or right side
plate) gave the representative values of maximum
temperatures at the referred distance during that pass

v’ Approximate temperatures were obtained for the
thermocouples that have the same distance from the weld
centerline

v’ Average maximum temperature rise uniformly varied with
the distance from the weld pad centerline

v’ Knowledge of average maximum temperature rises may be
useful in the estimation of maximum temperatures attained
by different regions of the base plate during multipass
welding

v' The place of likely microstructural changes and segregations
within the heat affected zone can be estimated with the
knowledge of temperature distribution during welding

process

ii. The effect of electrode tip angle on the penetration profile, microhardness

and transverse tensile load;

v' The shape of the tungsten electrode is an important process
variable in tungsten inert gas welding

v’ Changes in electrode geometry significantly influenced the
weld pool geometry and hence the joint quality

v’ Sharper electrodes (over 45°) resulted in easy arc starting but
shorter electrode life due to melting of the electrode tip going
into the weld pool

v' The weld penetration increased until 45° electrode tip angle,
between 60° and 90° electrode tip angle the shape of the weld

bead geometry changing irregularly and weld with increased.
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For the 0° electrode tip angle the weld bead geometry was V-
shaped due to the blunt electrode geometry. However, for the
other tip angle configurations the weld bead shapes were
drop-shaped

v For 5 mm AISI 304L stainless steel, the maximum tensile
load of 4500 kgf was obtained at 2.040 mm/s welding speed,
80 A current, 8 I/min gas flow rate, 2 mm arc gap and 45°
electrode tip angle

v’ The hardness of the base metal was measured as 165 HV3
approximately. The width of the heat affected zone increased
by increasing tip angle from 15° to 45° due to the cone arc
shape. For 15°, 30° and 45° electrode angles the wider HAZ
width with the hardness of 293~350 HV3q, and for 60°, 75°,
90° and 0° (or 180°) the narrower HAZ width with the
hardness of 300~350 HV;, was obtained

v’ The welding parameters affected the hardness distribution of

the specimens as shown in Table 5.1.

Table 5.1. Effect of welding parameters on microhardness distribution

) Heat affected zone Fusion zone
Welding parameters

HV3 HV3
Welding speed (1.612-2.040 mm/s) 175-280 150-180
Welding current (60-90 A) 178-210 160-200
Gas flow rate (8-14 I/min) 175-218 158-170
Gap distance (1-4 mm) 160-190 150-190
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iii. The effect of process parameters (welding speed, welding current, gas
flow rate and gap distance) on the tensile load, heat affected zone, upper width, upper

depth, penetration, area of penetration;

v Welding speed (V): At high welding speeds due to the
insufficient penetration, low tensile load was observed.
However, excessive slow welding speeds caused excessive
penetration and flat weld bead. The maximum transverse
tensile load of 1265 kgt was obtained at 2.31 mm/s welding
speed. Further increase in welding speed caused sudden
decrease in TL due to the insufficient heat input caused low
deposition and penetration. When the welding speed was
increased the width of the heat affected zone decreased. At low
welding speed of 1.07 mm/s, high heat affected zone of 6.51
mm was obtained due to the high heat input rate. Also, at high
welding speed of 3.55 mm/s low heat affected zone of 4.83
mm was observed due to the low heat input rate. When heat
affected zone increases the upper width also increases.
Increasing welding speed decreased the upper height due to the
low deposition effect of insufficient heat input. The minimum
7.85 mm and maximum 9.51 mm upper width values were
obtained at 3.55 and 1.07 mm/s welding speeds respectively.
Also, another negative effect of high welding speed is lowering
the upper height. Increasing welding speed decreased the upper
height due to insufficient melting rate of the base metal.
Minimum 0.10 mm and maximum 0.21 mm upper height
values were obtained at 3.55 mm/s and 1.07 mm/s welding
speeds respectively. Maximum penetration was obtained at
minimum welding speed. Minimum 1.14 mm and maximum
1.22 mm P values were obtained at 3.55 mm/s and 1.07 mm/s

welding speeds respectively. As the welding speed increased

303



5. CONCLUSION AND FUTURE STUDIES Ugur ESME

the area of penetration decreased gradually because of the
decreased penetration and width of the penetration. Maximum
value of 10.73 mm’ and minimum value of 6.45 mm’ were
obtained for AP at 1.07 mm/s and 3.55 mm/s welding speeds.

v Welding current (I): increasing current up to 85 A, caused an
increase in tensile load up to 1300 kgf. However, further
increase in current (over 85A) reduced the tensile load due to
the unsuitable welding speed and current combination caused
undercutting along the edges of the weld bead. 1199 kgf and
1225 kgf tensile load values were obtained at minimum 20 A
and maximum 150 A respectively. High heat input with
unsuitable welding speed increased the upper width. Increasing
current from 52 A to 117 A, increased the upper width from
7.20 mm to 10.02 mm. Increasing current from minimum to
maximum value increased upper height from 0.11 mm to 0.18
mm. Increasing the welding current from minimum to
maximum increased the area of penetration from 6.65 mm® to
9.13 mm’ respectively.

v Gas flow rate (F): slight change in tensile load of 1260 kgf and
1276 kgf was observed when flow rate is increased from 9
I/min to 11 I/min. Increasing gas flow rate from minimum to
maximum value slightly reduced the width of the heat affected
zone from 5.51 mm to 5.43 mm due to the cooling effect of the
shielding gas. Increasing flow rate also slightly decreased the
upper width from 8.81 mm to 8.72 mm. The effect of gas flow
rate on upper height is again least pronounced. Increasing gas
flow rate slightly increased the upper height from 0.14 mm to
0.15 mm. Changing gas flow rate from minimum to maximum
value was not changed the penetration so much. 1.18 mm and
1.19 mm penetration was obtained for minimum and maximum

flow rates respectively. Slight change in area of penetration
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from 8.58 mm”® to 8.55 mm® was observed under minimum and
maximum gas flow rates respectively.

v/ Gap distance (G): Tensile load started to increase to a gap
distance of 2 mm (1273 kgf) than followed by decreasing
toward the 4 mm (1248 kgf). This is due to the not concentrated
heat, and increasing heat leakage to the base metal with
increasing arc gap. As the arc gap increased from 1 mm to 4
mm, the heat affected zone also increased from 5.40 mm to 5.57
mm respectively. The increase in the width of the heat affected
zone is due to the cone shape of the arc. Further increase in arc
gap decreases the heat affected zone due to the low heat input
and high heat leakage. Minimum 8.65 mm and maximum 8.87
mm upper width was obtained with increasing gap distance
from 1 mm to 4 mm respectively. When the gap distance
increases the arc voltage increases and hence the overall
efficiency of the welding process decreases. Increase in arc gap
decreased the upper height from 0.15 mm to 0.14 mm.
Increasing arc gap decreased the penetration remarkably. When
the arc gap increased from minimum to maximum value it
decreased from 1.19 to 1.16 mm respectively. Hence the area of
penetration is dependent on the penetration and upper width, the
same trend with the penetration was observed for area of
penetration. It increased to 8.42 mm® with the arc gap of 2.5
mm. The minimum and maximum values were obtained as 7.92

mm” and 7.90 mm” for Imm and 4 mm arc lengths respectively.

iv. The following results were obtained for the interaction effects of weld

parameters on welding responses of 1.2 mm AISI 304 stainless steel;

v  Tensile load (TL): When welding current was 117 A

increasing the welding speed caused an increase in tensile
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load from 1174 kgf to 1199 kgf, however when the current
decreased to 52 A, increasing welding speed decreased the
tensile load from 1210 kgf to 1123 kgf (decreasing rate of
7.19%). When gas flow rate was 11 I/min, increasing welding
speed increased tensile load slightly from 1226 kgf to 1245
kef (increasing rate of 1.55%). However, when the gas flow
rate decreased to 9 I/min, increasing welding speed decreased
the tensile load slightly to 1215 kgf (decreasing rate of
2.40%). When welding speed was 1.69 mm/s, increasing gap
distance caused a slight decrease in tensile load from 1260
kgf to 1226 kgt (decreasing rate of 2.70%). However, when
the welding speed increased to 2.93 mm/s, increasing gap
distance slightly increased the tensile load from 1205 kgf to
1219 kgf (increasing rate of 1.16%). When gas flow was 11
I/min, increasing the welding current up to 85 A increased the
tensile load from 1199 kgf to 1275 kgf (increasing rate of
6.33%), however when the gas flow rate decreased to 9 I/min,
increasing welding current up to 85 A increased the tensile
load to 1257 kgf further increase in welding current
decreased the tensile load. When gap distance was 1.75 mm,
increasing welding current up to 85 A caused an increase in
tensile load from 1205 kgf to 1275 kgf (increasing rate of
5.80%). However, when the gap distance increased to 3.25
mm, increasing the welding current up to 85 A increased the
tensile load from 1187 kgf to 1240 kgf (increasing rate of
4.46%). Further increase in welding current decreased the
tensile load.

v" Heat affected zone (HAZ): At the welding current of 117 A,
increasing welding speed decreased the heat affected zone
from 8.16 mm to 5.95 mm (decreasing rate of 27.08%).

However, when the current decreased to 52.5 mm, increasing
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the welding speed also decreased the heat affected zone from
476 mm 3.60 mm (decreasing rate of 24.36%). The
intersection of the two curves can be reached approximately
at 4.5 mm/s. When gap distance was 3.25 mm, increasing the
welding speed decreased the heat affected zone from 6.60
mm to 4.94 mm (decreasing rate of 25.15%), however, when
the gap distance decreased to 1.75 mm, increasing welding
speed caused a decrease in heat affected zone from 6.46 mm
to 4.75 mm (decreasing rate of 26.47%). When the gap
distance was 3.25 mm, increasing welding current increased
the heat affected zone from 4.06 mm to 6.98 mm (increasing
rate of 71.92%). However, when the gap distance is
decreased to 1.75 mm, increasing current caused an increase
in heat affected zone from 3.94 mm to 6.77 mm (increasing
rate of 71.82%)).

v Upper width (UW): When gas flow rate was 9 I/min,
increasing welding speed caused a significant decrease in
upper width from 9.58 mm to 7.84 mm (decreasing rate of
18.16%). At the gas flow rate of 11 I/min, increasing welding
speed decreased upper width from 9.40 to 7.84 mm
(decreasing rate of 16.59%). When the gap distance was 3.25
mm, increasing welding current increased the upper width
from 7.28 mm to 10.14 mm (increasing rate of 39.28%).
However, when the gap distance was decreased to 1.75 mm,
increasing welding current caused an increase in upper width
from 7.10 mm to 9.88 mm (increasing rate of 39.15%).

v Upper height (UH): When welding current was 117 A,
increasing the welding speed caused a decrease in upper
height from 0.25 mm to 0.13 mm (decreasing rate of 48%),
however, when the current decreased to 52 A, increasing

welding speed decreased the upper height from 0.15 mm to

307



5. CONCLUSION AND FUTURE STUDIES Ugur ESME

0.09 mm (decreasing rate of 40%). When gap distance was
3.25 mm, increasing the welding speed decreased the upper
height from 0.19 mm to 0.12 mm (decreasing rate of
36.84%), however, when the gap distance decreased to 1.75
mm, increasing welding speed caused a decrease in upper
height from 0.20 mm to 0.12 mm (decreasing rate of 40%).
When gas flow rate was 9 I/min, increasing welding current
significantly increased upper height from 0.10 mm to 0.18
mm (increasing rate of 80%). However, when gas flow rate
increased to 11 I/min, increasing welding current caused an
increase in upper height from 0.11 mm to 0.17 mm
(increasing rate of 54.54%). When the gap distance was 3.25
mm, increasing welding current increased the upper height
from 0.11 mm to 0.17 mm . However, when the gap distance
was decreased to 1.75 mm, increasing welding current caused
an increase in upper width from 0.11 mm to 0.19 mm
(increasing rate of 72.72%). When gap distance was 3.25
mm, increasing gas flow rate slightly increased upper height
from 0.142 mm to 0.149 mm (increasing rate of 4.92%).
However, when gap distance decreased to 1.75 mm,
increasing gas flow rate caused a decrease in upper height
from 0.151 mm to 0.153 mm (increasing rate of 1.32%).

v’ Penetration (P): When the welding current was 117 A,
increasing welding speed decreased the penetration from 1.28
mm to 1.21 mm (decreasing rate of 5.46%).. However, when
the welding current decreased to 52 A, increasing welding
speed resulted a decrease in upper width from 1.10 mm to
1.00 (decreasing rate of 9.09%). When gas flow rate was 9
I/min, increasing welding speed significantly decreased
penetration from 1.19 mm to 1.16 mm (decreasing rate of

2.52%). However, when gas flow rate increased to 11 I/min
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mm, increasing welding speed caused a decrease in
penetration from 1.23 mm to 1.14 mm (decreasing rate of
7.31%). When gap distance was 3.25 mm, increasing the
welding speed significantly decreased the penetration from
1.22 mm to 1.11 mm (decreasing rate of 9.01%), however,
when the gap distance decreased to 1.75 mm, increasing
welding speed caused a decrease in penetration from 1.23
mm to 1.16 mm (decreasing rate of 5.69%). When gas flow
rate was 9 I/min, increasing welding current significantly
increased penetration from 0.98 mm to 1.15 mm (increasing
rate of 17.34%). However, when gas flow rate increased to
11 I/min, increasing welding current caused an increase in
penetration from 1.05 mm to 1.23 mm (increasing rate of
17.14%). When the gap distance was 3.25 mm, increasing
welding current increased the penetration from 1.02 mm to
1.23 mm (increasing rate of 20.58%). However, when the
gap distance was decreased to 1.75 mm, increasing welding
current caused an increase in penetration from 1.07 mm to
1.25 mm (increasing rate of 16.82%)..

v Area of Penetration (AP): When welding current was 117
A, increasing the welding speed caused a decrease in area of
penetration from 10.5 mm” to 7.87 mm? (decreasing rate of
25.04%), however when the current decreased to 52 A,
increasing welding speed decreased the area of penetration
from 7.46 mm® to 6.01 mm” (decreasing rate of 19.43%).
When gas flow rate was 9 I/min, increasing welding speed
significantly decreased area of penetration from 9.13 mm” to
7.01 mm” (decreasing rate of 14.45%). However, when gas
flow rate increased to 11 I/min mm, increasing welding speed
caused a decrease in area of penetration from 8.98 mm’ to

7.01 mm® (decreasing rate of 21.93%). When gap distance
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was 3.25 mm, increasing the welding speed significantly
decreased the area of penetration from 9.03 mm” to 6.98 mm?
(decreasing rate of 22.70%), however, when the gap distance
decreased to 1.75 mm, increasing welding speed caused a
decrease in area of penetration from 9.03 mm?” to 6.33 mm®
(decreasing rate of 29.90%). When gas flow rate was 9 I/min,
increasing welding current significantly increased area of
penetration from 6.71 mm® to 9.21 mm” (increasing rate of
37.25%). However, when gas flow rate increased to 11 I/min,
increasing welding current caused an increase in area of
penetration from 6.64 mm® to 9.08 mm? (increasing rate of
36.74%). When the gap distance was 3.25 mm, increasing
welding current increased area of penetration from 6.66 mm”
to 9.12 mm? (increasing rate of 36.93%). However, when the
gap distance was decreased to 1.75 mm, increasing welding
current caused an increase in area of penetration from 6.60
mm’ to 8.98 mm’ (increasing rate of 36.06%). When gap
distance was 3.25 mm, increasing gas flow rate slightly
decreased area of penetration from 8.01 mm® to 7.88 mm’
(decreasing rate of 1.62%). However, when gap distance
decreased to 1.75 mm, increasing gas flow rate caused an

increase in penetration from 7.65 mm’ to 7.88 mm’

(increasing rate of 3%).

v. Prediction and optimization of weld pool geometry;

v’ The mathematical models developed are useful for selecting
correct process parameters to achieve the desired weld pool
quality and to predict weld pool quality for the given process

parameters
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v’ The mathematical models furnished can be used to predict
the weld bead geometry by substituting the values of the
respective process parameters. Also, the values of the control
factors can be obtained by substituting the value of the
desired bead geometry

v’ Close agreement was obtained between the actual and
predicted values of the welding parameters and responses

v’ For a fairly limited number of weld trials it can be concluded
that high correlations can be achieved by using prediction
program when predicting bead width, bead height,
penetration and area of penetration for single butt welds, 1.2
mm, in AISI 304 stainless steel. In converting the predicted
shape parameters into a weld profile the highest correlation
for all four output parameters was achieved with MATLAB
programming technique

v’ Both two optimization programs (LINGO 8.0 and Design
Expert 6.0) provided the close values for the weld
parameters and responses. Optimized values for AISI 304

1.2 mm stainless steel is given in Table 5.2.
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Table 5.2. Optimized values for 1.2 mm AISI 304 stainless steel

Optimum value )
o Obijective Constraints v I = 5 osglt:tr:gg]
2
3 | TL max 1.73 96.78 8.0 134 | TL=1330.73 kef
8 [ HAZ min 3.41 20.00 12.0 1.00 | HAZ= 1.924 mm
© | UW min 3.55 20.00 12.0 1.00 | UW=3.744 mm
LINGO | © [ UHmin 2.72 20.00 3.00 1.96 | UH=0.04 mm
8.0 P max 1.06S V<355 | 107 117.71 120 | 3.07 | P=134mm
AP max 20< 1L 150 1.07 150.0 12.0 3.13 | AP=13.92 mm’
8<FL 12 TL=1330.73 kgf
= é TL max 1 S G S 4 332_2133564 mm
S § Pmax 1.73 96.53 8.0 1.34 — b mm
S g HAZ min UH=0.23 mm
® P=1.26 mm
AP=9.90 mm’
TL max 1.73 96.77 3.00 1.35 TL= 1330.73 kgf
¢ HAZ min 3.44 20.50 10.80 | 3.78 HAZ=2.15 mm
2 UW min 3.47 22.40 1034 | 1.62 UW=4.19 mm
2 UH min 2.72 20.05 8.00 1.96 UH= 0.04 mm
Design d P max 1.06S V<355 [ 1388 110.44 1025 | 2.84 P=1.30 mm
Expert AP max 20<1L150 | 1.39 132.95 9.27 1.66 AP=12.22 mm’
6.0 8<F<L12 TL=1261.55 kgf
= % TL max 1G4 HAZ_= 4.73 mm
S 9 Pmax 2.41 67.32 9.94 01 | A
= 3 HAZ min UH=0.134 mm
q P=1.17 mm
AP=7.52 mm’

v. Neural network analysis;

v’ The present analysis showed that neural network (NN)
modeling with back propagation (BP) is a viable means for
predicting weld pool shape as a function of weld process
conditions.

v’ Close and accurate predictions was achieved after training
the network with a limited amount of experimental data

v’ The neural network model indicated that the weld pool
geometry is a sensitive function of the input parameters

(welding speed, current, flow rate, arc gap)
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5.2. Future Studies

This study has been concentrated on the effect of tungsten inert gas (TIG)
welding parameters (welding speed, welding current, shielding gas flow rate, gap
distance or arc length and electrode tip angle) on tensile load (TL), heat affected zone
(HAZ), upper width (UW), upper height (UH), penetration (P) and area of
penetration (AP) for 1.2 mm AISI 304 stainless steel sheet.

In Future, the following considerations could be improved;

» The effect of such welding parameters could be the same for various
materials. The difference is only on the welding responses. Therefore,
these parameters may be prepared and attempted on various types of
materials for tensile load and residual stress measurements.

» Fatique behaviour of the TIG welded joints,

» Statistical models of TIG welded joints,

» Electrothermal analysis of TIG welding process by 3D finite element
method.

On a longer perspective a lot could be done with respect to TIG welding
control. Today, to achieve a high quality weld, the machine settings have to be
adjusted by an experienced operator, and also, the task of performing the weld is
very difficult. The adjustment of the machine could be performed by the machine
itself if more “intelligence” is included on the machine. Also, more machine
“intelligence” could improve the quality and ease the task of performing a weld.

Such “improved intelligence” must be based on further research.
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APPENDIX A

Al. The FORTRAN Program used to convert data from mV to °C

DIMENSION VERI(20),tempre(17),volt(20), amper(20)

character*45 dummy

character*1 d1

open(5, file='d:\welding\s31681',status="old")
open(6, file='d:\welding\out\s31681son.out")

C *FRxkxkr*Reading First Raw Data********

DO 11J=1,9
READ(S,*)dummy

11 CONTINUE

n=0

min=0

DO WHILE (.NOT. EOF(5))

C ***+x+**Reading and Dividing the Time Period********

read(5,55)d1,nh,d1,nm,d1,ns,dummy
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55 format(al,i2,al,i2,al,i2,a45)

if(n.eq.0) then
nho=nh
nmo=nm

nso=ns

endif

if(ns.1t.nso) then
nm=nm- 1
ns=ns+60

endif

nsf=ns-nso

if(nm.lt.nmo) then
nh=nh-1
nm=nm+60

endif

nmf=nm-nmo

if(nh.eq.0) then
nh=nh+24
endif
nhf=nh-nho
mintek=nhf*3600+nmf*60+nsf

min=min+mintek

C Frxrxkr*Reading Necessary Data********

DO 10 I=1,8
read(5,*)VERI(I)
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10 CONTINUE
C ....Calculation Temperature....

DO 15i=1,8

tempre(i)=24.711*veri(1)+0.1909
15 CONTINUE
C  *exCalculation of Volt and Ampere* s
write(6,9) n,min,(tempre(I),I=1,8)
9 format(2i6,819.4)
nso=ns
nmo=nm
nho=nh
n=n+1
END DO
close(5)
close(6)

stop

end
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APPENDIX B

B1. TL Maximization

MAX=630.03049 + 238.03487 * V + 8.10260 * 1 + 25.05345 * F + 4.03510 * G - 75.10057
* V2.0.039932 * 1 -1.78092 * F>- 7.09131 * G*- 0.059916 * V * [ + 3.34043 * V * F +
0.73102* V* G-0.041339 * [ *F +0.045711 * [ * G+ 1.17361 *F * G;

1.0696<=V;
V<=3.5546;
20<=1;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4;

HAZ=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I? - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I>- 0.015592 * F*- 4.65626E-003 * G>- 0.011222 * V * [ +8.07090E-003 *
V *F -0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * 1 * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * I + 0.21323 * F + 0.46969 * G - 0.019710 * V*-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B2. HAZ Minimization

MiN=4.25726-2.25321 * V + 0.078141 * [ + 0.027766 * F + 0.19755 * G + 0.35202 * V-
1.17845E-004 * 1?- 1.38373E-003 * F*- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * [ * F + 1.06672E-003 * [ * G -
4.65278E-003 * F * G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I+ 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B3. UW Minimization

MIN=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V>-
1.28410E-004 * - 0.015592 * F?- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * [ * F + 7.62815E-004 * I * G + 0.010625 * F *
G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I+ 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B4. UH Minimization

MIN=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G +
0.029239 * V- 1.23691E-006 * 1>-9.02466E-004 * F*>+ 2.98197E-003 * G*- 7.67366E-004
*V *[-1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-
004 *1* G+ 1.73611E-003 * F * G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I+ 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B5. P Maximization

MAX=0.64397 + 0.066087 * V + 6.96690E-003 * I+ 0.018256 * F + 0.087894 * G -
0.019590 * V- 3.88930E-005 * I*-5.51306E-004 * F>- 0.014174 * G*+ 5.02410E-004 * V
*1-3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * |
* G- 1.45833E-003 * F * G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I+ 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B6. AP Maximization

MAX=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V-
1.26140E-004 * 1>-0.012660 * F>- 0.10079 * G*- 0.013011 * V * [ - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * [ * G + 0.012111 * F * G;
1.0696<=V;

V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4;

HAZ=4.25726-2.25321 * V + 0.078141 * 1 + 0.027766 * F + 0.19755 * G + 0.35202 * V-
1.17845E-004 * I* - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * [ * F + 1.06672E-003 * [ * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * 1 + 0.20048 * F + 0.074331 * G - 0.21720 * V>-
1.28410E-004 * I*- 0.015592 * F?- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * [ * F + 7.62815E-004 * 1 * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F>+ 2.98197E-003 * G*- 7.67366E-004 * V * | -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * [ * F - 1.25432E-004 * | *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V7 - 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G - 0.019710 * V*-

1.26140E-004 * 1*-0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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B7. Constrained TL Maximization

MAX=630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 * G - 75.10057
* V2. 0.039932 * [*-1.78092 * F>- 7.09131 * G*- 0.059916 * V * [ + 3.34043 * V * F +
0.73102 * V* G -0.041339 * [ * F +0.045711 * 1 * G + 1.17361 *F * G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4;

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 *
G - 75.10057 * V?-0.039932 * [*-1.78092 * F?- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V *F 4073102 %V *G-0.041339 * 1T *F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V- 1.17845E-004 * I* - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 *
V * 1 - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;

ITUW CONSTRAINT; 3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G
-0.21720 * V- 1.28410E-004 * I - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * I
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * [ * G
+0.010625 * F * G<=3.7448:

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * I - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G + 1.73611E-003 * F * G<=0.048;

IP CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F>- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 * [ * G - 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G -
0.019710 * V2 - 1.26140E-004 * 1* -0.012660 * F* - 0.10079 * G*- 0.013011 * V * [ -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * 1 * G -
4.65278E-003 * F * G;
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UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V*-
1.28410E-004 * I*- 0.015592 * F?- 4.65626E-003 * G>- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2 - 3.88930E-005 * I* -5.51306E-004 * F*>- 0.014174 * G* + 5.02410E-004 * V * [ -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420B-004 * [ * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V*-
1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * [ * G+ 0.012111 * F * G;

B8. Constrained HAZ Minimization

MIN=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G + 0.35202 * V>-
1.17845E-004 * 1*- 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * [ * F + 1.06672E-003 * [ * G -
4.65278E-003 * F * G;

1.0696<=V;,
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4;

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 *
G - 75.10057 * V?-0.039932 * [*-1.78092 * F?- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V *F 4073102 %V *G-0.041339 * 1T *F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V2~ 1.17845E-004 * 1? - 1.38373E-003 * F*- 0.021331 * G* - 6.77070E-003 *
V * - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;
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ITUW CONSTRAINT; 3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G
-0.21720 * V- 1.28410E-004 * 1> - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * I
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * [ * G
+0.010625 * F * G<=3.7448:

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I* -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * I - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G + 1.73611E-003 * F * G<=0.048;

IP CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F>- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 * [ * G - 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G -
0.019710 * V2 - 1.26140E-004 * 1* -0.012660 * F* - 0.10079 * G*- 0.013011 * V * [ -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * 1 * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * [ + 0.20048 * F + 0.074331 * G - 0.21720 * V-
1.28410E-004 * I*- 0.015592 * F?- 4.65626E-003 * G>- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2- 1.23691E-006 * I*-9.02466E-004 * F>+ 2.98197E-003 * G*- 7.67366E-004 * V * | -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * [ * F - 1.25432E-004 * | *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V7 - 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-004 * V * [ -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G - 0.019710 * V*-

1.26140E-004 * 1*-0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * [ * G+ 0.012111 * F * G;
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B9. Constrained UW Minimization

MIN=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V*-
1.28410E-004 * - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * [ * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

1.0696<=V;,
V<=3.5546;
20<=1,
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 *
G - 75.10057 * V*-0.039932 * 12-1.78092 * F*>- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V ¥ F + 073102 * V * G -0.041339 * I * F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V2~ 1.17845E-004 * I* - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 *
V * - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;

ITUW CONSTRAINT: 3.30265 + 0.44806 * V + 0.089617 * 1 + 0.20048 * F + 0.074331 * G
-0.21720 * V- 1.28410E-004 * I* - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * |
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * [ * G
+0.010625 * F * G<=3.7448;

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * 1 - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G+ 1.73611E-003 * F * G<=0.048;

'P CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * I+ 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 *1* G- 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G -
0.019710 * V? - 1.26140E-004 * 1* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;
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UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V*-
1.28410E-004 * I*- 0.015592 * F?- 4.65626E-003 * G>- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2 - 3.88930E-005 * I* -5.51306E-004 * F*>- 0.014174 * G* + 5.02410E-004 * V * [ -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420B-004 * [ * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G - 0.019710 * V*-
1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * [ * G+ 0.012111 * F * G;

B10. Constrained UH Minimization

MIN=0.083160 - 0.14708 * V + 4.27108E-003 * [ + 0.026577 * F - 0.039542 * G +
0.029239 * V- 1.23691E-006 * I -9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004
*V *1-1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-
004 *1*G+1.73611E-003 * F * G;

1.0696<=V;
V<=3.5546;
20<=I;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4;

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * 1 + 25.05345 * F + 4.03510 *
G - 75.10057 * V*-0.039932 * 1°-1.78092 * F*- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V ¥ F+ 073102 % V* G -0.041339 * I * F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V2~ 1.17845E-004 * 1? - 1.38373E-003 * F*- 0.021331 * G* - 6.77070E-003 *
V * - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;
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ITUW CONSTRAINT; 3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G
-0.21720 * V- 1.28410E-004 * 1> - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * I
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * [ * G
+0.010625 * F * G<=3.7448:

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I* -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * I - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G + 1.73611E-003 * F * G<=0.048;

IP CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F>- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 * [ * G - 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1+ 0.21323 * F + 0.46969 * G -
0.019710 * V2 - 1.26140E-004 * 1* -0.012660 * F* - 0.10079 * G*- 0.013011 * V * [ -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G*- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * 1 * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * [ + 0.20048 * F + 0.074331 * G - 0.21720 * V-
1.28410E-004 * I*- 0.015592 * F?- 4.65626E-003 * G>- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2- 1.23691E-006 * I*-9.02466E-004 * F>+ 2.98197E-003 * G*- 7.67366E-004 * V * | -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * [ * F - 1.25432E-004 * | *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V7 - 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-004 * V * [ -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G - 0.019710 * V*-

1.26140E-004 * 1*-0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * [ * F + 4.53258E-004 * [ * G+ 0.012111 * F * G;
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B11. Constrained P Maximization

MAX=0.64397 + 0.066087 * V + 6.96690E-003 * [ + 0.018256 * F + 0.087894 * G -
0.019590 * V- 3.88930E-005 * >-5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-004 * V
*1-3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * |
* G - 1.45833E-003 * F * G;

1.0696<=V;,
V<=3.5546;
20<=1;
I<=150;
8<=F;
F<=12;
1<=G;
G<=4,

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 *
G - 75.10057 * V*-0.039932 * 12-1.78092 * F*>- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V ¥ F + 073102 * V * G -0.041339 * I * F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V2~ 1.17845E-004 * I* - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 *
V * - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;

ITUW CONSTRAINT: 3.30265 + 0.44806 * V + 0.089617 * 1 + 0.20048 * F + 0.074331 * G
-0.21720 * V- 1.28410E-004 * I* - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * |
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * I * F + 7.62815E-004 * [ * G
+0.010625 * F * G<=3.7448;

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * 1 - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G+ 1.73611E-003 * F * G<=0.048;

'P CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * I+ 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 *1* G- 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G -
0.019710 * V? - 1.26140E-004 * 1* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

344



APPENDIX B Ugur ESME

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514B-004 * I * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I+ 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I*-9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * I + 0.21323 * F + 0.46969 * G - 0.019710 * V*-
1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;

B12. Constrained AP Maximization

MAX=3.94256 - 0.19505 * V + 0.084155 * I+ 0.21323 * F + 0.46969 * G - 0.019710 * V*-
1.26140E-004 * I*-0.012660 * F>- 0.10079 * G*- 0.013011 * V * - 0.020638 * V * F -
0.048323 * V * G+ 5. 88725E-004 * [ * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;

1.0696<=V;,
V<=3.5546;
20<=I;
[<=150;
8<=F;
F<=12;
1<=G;
G<=4,

ITL CONSTRAINT; 630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 *
G - 75.10057 * V*-0.039932 * 12-1.78092 * F*>- 7.09131 * G*- 0.059916 * V * [ + 3.34043
*V ¥ F + 073102 * V * G -0.041339 * I * F + 0.045711 * 1 * G + 1.17361 * F *
G>=1330.734;

IHAZ CONSTRAINT; 4.25726-2.25321 * V + 0.078141 * I + 0.027766 * F + 0.19755 * G
+0.35202 * V2~ 1.17845E-004 * I* - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 *
V * - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * | * F + 1.06672E-
003 * [ * G - 4.65278E-003 * F * G<=1.9243;

'UW CONSTRAINT; 3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G

-0.21720 * V2~ 1.28410E-004 * 1 - 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * |
+8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G
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+0.010625 * F * G<=3.7448,;

'UH CONSTRAINT; 0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F -
0.039542 * G + 0.029239 * V*- 1.23691E-006 * I -9.02466E-004 * F*+ 2.98197E-003 *
G*- 7.67366E-004 * V * I - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005
*1*F-1.25432E-004 *1* G+ 1.73611E-003 * F * G<=0.048;

'P CONSTRAINT; 0.64397 + 0.066087 * V + 6.96690E-003 * 1+ 0.018256 * F + 0.087894
* G -0.019590 * V*- 3.88930E-005 * I*-5.51306E-004 * F*- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-
004 *1* G- 1.45833E-003 * F * G>=1.2;

IAP CONSTRAINT; 3.94256 - 0.19505 * V + 0.084155 * 1 + 0.21323 * F + 0.46969 * G -
0.019710 * V? - 1.26140E-004 * 1* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I -
0.020638 * V * F -0.048323 * V * G + 5. 88725E-004 * | * F + 4.53258E-004 * [ * G +
0.012111 * F * G>=13.92;

HAZ=4.25726-2.25321 * V + 0.078141 * I+ 0.027766 * F + 0.19755 * G + 0.35202 * V*-
1.17845E-004 * I* - 1.38373E-003 * F*- 0.021331 * G- 6.77070E-003 * V * I - 1.03468E-
003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * I * F + 1.06672E-003 * I * G -
4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G - 0.21720 * V2-
1.28410E-004 * I*- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 * V * [ +8.07090E-003 *
V *F-0.027623 * V * G +1.30514E-004 * 1 * F + 7.62815E-004 * [ * G + 0.010625 * F *
G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G + 0.029239
* V2. 1.23691E-006 * I* -9.02466E-004 * F*+ 2.98197E-003 * G*- 7.67366E-004 * V * I -
1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-005 * I * F - 1.25432E-004 * I *
G+ 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * I + 0.018256 * F + 0.087894 * G - 0.019590
* V2. 3.88930E-005 * I* -5.51306E-004 * F*- 0.014174 * G* + 5.02410E-004 * V * I -
3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F + 3.33420E-004 * 1 * G -
1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * I + 0.21323 * F + 0.46969 * G - 0.019710 * V*-

1.26140E-004 * I* -0.012660 * F*- 0.10079 * G*- 0.013011 * V * I - 0.020638 * V * F -
0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * 1 * G+ 0.012111 * F * G;
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APPENDIX C

C1. Weld Pool Shape Prediction Program written in MATLAB

V=input ('Please enter V (mm/s)... (1.0696~3.55)...?")
I=input ('Please enter I (A).... (20~150)...?7")

F=input ('Please enter F (I/min)... (8~12)....7")
G=input ('Please enter G (mm)... (1~4)...7")

TL=630.03049 + 238.03487 * V + 8.10260 * I + 25.05345 * F + 4.03510 * G -
75.10057 * V*-0.039932 * I* -1.78092 * F*- 7.09131 * G*- 0.059916 * V * I +
334043 * V * F + 0.73102 * V * G - 0.041339 * I * F + 0.045711 *1 * G +
1.17361 * F * G;

HAZ=4.25726-2.25321 * V + 0.078141 * 1 + 0.027766 * F + 0.19755 * G + 0.35202
* V2. 1.17845E-004 * I - 1.38373E-003 * F>- 0.021331 * G*- 6.77070E-003 * V *
[ - 1.03468E-003 * V * F + 1.07815E-004 * V * G - 1.26837E-004 * [ * F +
1.06672E-003 * 1 * G - 4.65278E-003 * F * G;

UW=3.30265 + 0.44806 * V + 0.089617 * I + 0.20048 * F + 0.074331 * G -
0.21720 * V2 - 1.28410E-004 * I>- 0.015592 * F*- 4.65626E-003 * G*- 0.011222 *
V * 1 +8.07090E-003 * V * F - 0.027623 * V * G +1.30514E-004 * 1 * F +
7.62815E-004 * 1 * G + 0.010625 * F * G;

UH=0.083160 - 0.14708 * V + 4.27108E-003 * I + 0.026577 * F - 0.039542 * G +
0.029239 * V2 - 1.23691E-006 * 1> -9.02466E-004 * F> + 2.98197E-003 * G -
7.67366E-004 * V * [ - 1.10081E-003 * V * F + 6.03239E-003 * V * G -8.54959E-
005 * [ * F - 1.25432E-004 * 1 * G + 1.73611E-003 * F * G;

P=0.64397 + 0.066087 * V + 6.96690E-003 * 1 + 0.018256 * F + 0.087894 * G -
0.019590 * V- 3.88930E-005 * I*-5.51306E-004 * F>- 0.014174 * G*+ 5.02410E-
004 * V * 1 -3.32300E-003 * V * F - 0.020984 * V * G + 5.22375E-005 * I * F +
3.33420E-004 * 1 * G - 1.45833E-003 * F * G;

AP=3.94256 - 0.19505 * V + 0.084155 * I + 0.21323 * F + 0.46969 * G - 0.019710
* V2 - 1.26140E-004 * 1* -0.012660 * F* - 0.10079 * G* - 0.013011 * V * [ -
0.020638 * V * F -0.048323 * V * G + 5.88725E-004 * I * F + 4.53258E-004 * | *
G+0.012111 *F * G;

%disp('TL");disp(TL);disp('kg")
%disp('HAZ');disp(HAZ);disp('mm’")
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%disp('UW");disp(UW);disp(‘'mm")
%disp('"UH");disp(UH);disp('mm")
%disp('P");disp(P);disp('mm")
%disp('AP");disp(AP);disp('mm?2')

xmin=-UW/2;

xmax=UW/2;

r=UW/2;

a=4*(UH)/(UW"2);

Y%ymin=-UW/2;

%ymax=0;

x=xmin:0.01:xmax;

y1=-P/r*(sqrt(r"2-x."2));

y2=a*x."2-UH;

plot(x,yl,'r+:".x,y2,'r+:", 'linewidth',3);

axis([-18 18 -1.4 0.4]);
line([-15,15],[-1.2,-1.2],'color",'r", linewidth',5);
%line([-12,12],[0,0],'color','r','linewidth',5);
line([15,15],[0,-1.2],'color",'r','linewidth',5);
line([-15,-15],[-1.2,0],'color",'r",'linewidth',5);
line([-15,-r],[0,0],'color','r', linewidth',5);
line([r,15],[0,0],'color','r'",'linewidth',5);
line([-r-HAZ,-r-HAZ-1],[0,-0.6],'color','b",'linewidth',5);
line([-r-HAZ-1,-r-HAZ],[-0.6,-1.2],'color','d', linewidth',5);
line([rtHAZ,r+HAZ+1],{0,-0.6],'color','v','linewidth',5);
line([rtHAZ+1,r+HAZ],[-0.6,-1.2],'color','b','linewidth',5);
line([0,0],[-UH,-1.2],'color','r','linewidth',2);
%plot(x,y2);

%plot(x,y2)

grid on

%disp(xmin)

%disp(xmax)
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%disp(ymin)

%disp(ymax)

%disp(r)

%disp(x)

disp('Tensile Strength...="),disp(TL),disp('’kg")
disp('Penetration...="),disp(P),disp('mm")

disp('Upper Width...="),disp(UW),disp(‘'mm")
disp("Upper Height...="),disp(UH),disp('mm")
disp('Heat Aaffected Zone...="),disp(HAZ),disp('mm")
disp('Area of Penetration...="),disp(AP),disp('mm?2")
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APPENDIX D

Table D1. Training data used for the construction of the neural network model

Train \Y I F G TL HAZ UW UH P AP
No (mm/s) (A)  (Umin) (mm) (kgf) (Mmm) (Mmm) (Mmm) (Mmm) (mm?
1 2.3101 85 10 2.5 1100 4.12 5.78 0.18 1.06 6.58
2 1.5311 10 10 2.5 750 2.55 4.22 0.09 0.75 4.6
3 2.3101 85 10 2.5 1100 4.14 5.82 0.19 1.06 6.55
4 1.0696 20 8 1 950 3.4 5.14 0.1 0.98 6.08
5 1.0696 20 8 4 1000 3.8 5.33 0.09 0.94 6.11
6 0.6081 30 10 2.5 1150 5.96 8.56 0.12 1.06 8.38
7 2.3101 85 10 2.5 1100 4.12 5.82 0.17 1.03 6.09
8 1.5311 30 10 0.5 1175 4.03 5.52 0.2 1.08 6.38
9 1.5311 30 6 2.5 1200 4.32 6.2 0.09 0.91 6.38
10 1.0696 40 8 4 1100 5.56 7.72 0.18 1.16 7.77
11 2.4541 30 10 2.5 900 3.1 5.63 0.08 0.97 543
12 1.9926 20 8 4 975 2.68 5.53 0.03 0.86 5.76
13 1.5311 30 14 2.5 1025 4 5.62 0.22 1.02 6.22
14 1.0696 40 12 1 1150 5.23 7.42 0.22 1.08 7.52
15 1.0696 40 8 1 1125 5.44 7.69 0.18 1.08 7.48

16 2.3101 85 10 2.5 1150 4.13 5.96 0.18 0.96 7
17 1.9926 20 12 1 1050 2.54 5.45 0.09 0.9 5.81
18 1.5311 30 10 5.5 875 4.43 6.5 0.18 0.78 6.78
19 1.9926 40 8 1 1150 4.66 7.01 0.12 1.02 7.09
20 2.3101 85 10 2.5 1050 4.14 5.78 0.16 1.06 6.23
21 1.0696 40 12 4 1125 5.53 7.89 0.2 1.12 7.82
22 1.5311 50 10 2.5 1250 5.32 7.23 0.28 1.1 7.11
23 1.9926 40 12 1 1025 4.73 7.02 0.16 1.05 7.12
24 1.9926 40 12 4 1050 4.89 7.22 0.13 0.98 7.23
25 1.0696 20 12 1 1000 3.26 5.03 0.15 0.95 6.01
26 1.9926 40 8 4 1000 4.94 7.28 0.13 1.03 7.26
27 2.3101 85 10 2.5 1100 4.13 5.79 0.18 0.96 6.18
28 1.0696 20 12 4 1025 3.53 5.22 0.19 0.9 5.98
29 1.9926 20 8 1 1100 2.55 5.48 0.09 0.92 5.53
30 1.9926 20 12 4 1000 2.78 5.64 0.1 0.89 5.63
31 1.9926 40 8 4 1230 3.79 9.08 0.09 0.94 7.87
32 2.5606 70 8 1 1227 4.63 9.02 0.18 1.17 8.801
33 1.9926 70 12 1 1265 5.1 8.12 0.11 1.24 8.607
34 2.2766 55 14 2.5 1287 4.45 7.12 0.08 1.23 7.1
35 2.2766 55 6 2.5 1237 4.43 7.88 0.06 1.18 7.03
36 2.3101 85 10 2.5 1375 4.45 7.98 0.07 1.25 7.97
37 2.2766 55 10 5.5 1245 4.52 8.53 0.15 0.98 4.887
38 2.5606 70 12 1 1265 4.6 8.26 0.16 1.2 7.2
39 2.8446 55 10 2.5 1230 32 7.86 0.09 1.06 5.54
40 2.5606 70 12 4 1212 4.78 8.39 0.17 1 8
41 2.2766 55 10 0.5 1320 4.39 6.36 0.14 1.11 5.8
42 1.9926 40 8 1 1275 3.35 8.36 0.1 1.13 8.3
43 2.2766 25 10 2.5 1050 2.54 5.9 0.02 0.8 5.3
44 2.3101 85 10 2.5 1380 4.45 7.99 0.08 1.25 7.98
45 2.3101 85 10 2.5 1375 4.44 7.98 0.08 1.23 7.95
46 2.3101 85 10 2.5 1375 4.45 8 0.07 1.25 7.98
47 2.5606 40 12 1 1300 2.98 5.98 0.04 0.95 5.02
48 2.5606 40 12 4 1235 3.06 6.54 0.08 0.87 5.63
49 2.5606 40 8 1 1300 2.99 5.9 0.03 0.93 5.42
50 1.9926 40 12 4 1275 3.6 7.72 0.1 0.95 6.56
51 2.3101 85 10 2.5 1375 4.44 7.98 0.08 1.25 7.98
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Continue of Table D1
Train Vv | F G TL HAZ uw UH P AP
No  (mm/s) (A) (I/min) (mm) (kgf) (mm) (mm) (mm) (mm) (mm?)
52 2.5606 40 8 4 1225 3.08 6.42 0.04 0.89 5.48
53 2.3101 85 10 2.5 1380 4.46 7.98 0.08 1.22 7.99
54 2.5606 70 8 4 1325 4.79 8.45 0.15 1.14 7.2
55 2.2766 85 10 2.5 1300 5.61 9.51 0.257 1.143 9.198
56 1.9926 70 8 4 1250 5.35 8.96 0.14 1.19 9.061
57 1.7086 55 10 2.5 1325 5 8.84 0.08 1.15 8.984
58 1.9926 40 12 1 1280 34 7.17 0.09 1.1 7.9
59 1.9926 70 8 1 1300 5.1 8.57 0.17 1.27 7.34
60 1.9926 70 12 4 1260 53 8.63 0.12 1.17 8.55
61 2.3101 85 10 2.5 1000 6.5 7.66 0.11 1.18 7.56
62 4.0516 110 10 2.5 1150 4.82 7.21 0.15 1.1 7.63
63 2.3101 85 10 2.5 1020 6.44 7.66 0.11 1.18 7.56
64 3.0576 110 10 0.5 1030 5.2 6.86 0.19 1.21 7.62
65 2.5606 150 12 4 1050 7.8 10.56 0.18 1.21 9.69
66 2.3101 85 10 2.5 1100 6.43 7.66 0.11 1.18 7.56
67 3.5546 150 8 4 1000 6.8 8.87 0.08 1.18 6.98
68 3.0576 190 10 2.5 980 8.2 11.12 0.22 1.22 10.48
69 2.5606 70 8 4 1385 4.79 7.22 0.15 1.14 7.2
70 2.5606 150 12 1 1100 7.5 9.73 0.18 1.18 9.78
71 2.5606 70 8 1 1375 4.63 6.98 0.18 1.22 8.801
72 3.0576 30 10 2.5 900 3.8 4.35 0.09 0.89 5.23
73 3.5546 70 8 4 980 4.6 5.78 0.15 0.98 5.89
74 3.5546 70 12 4 950 4.4 5.75 0.18 0.99 5.78
75 2.3101 85 10 2.5 1000 6.52 7.66 0.11 1.18 7.56
76 2.5606 70 12 1 1385 4.6 6.86 0.16 1.2 7.2
77 3.5546 150 12 4 975 6.5 8.78 0.09 1.19 6.86
78 2.5606 150 8 4 950 7.9 10.48 0.2 1.16 9.79
79 3.5546 150 8 1 1050 6.35 8.56 0.1 1.2 6.73
80 2.5606 150 8 1 1000 7.4 9.86 0.19 1.19 9.72
81 3.0576 110 6 2.5 1020 6.7 7.72 0.1 1.16 7.39
82 3.5546 70 12 1 1000 4.1 5.63 0.1 1.1 5.56
83 3.0576 110 10 5.5 975 7.2 8.23 0.09 0.98 6.98
84 3.5546 150 12 1 1050 6.3 8.5 0.09 1.21 6.79
85 3.0576 110 14 2.5 1020 6.2 7.21 0.14 1.19 7.67
86 2.3101 85 10 2.5 1050 6.5 7.66 0.11 1.18 7.56
87 2.5606 70 12 4 1385 4.78 7.23 0.17 1 7.98
88 2.0636 110 10 2.5 1250 6.8 9.93 0.18 1.21 7.88
89 3.5546 70 8 1 950 43 5.68 0.08 1.18 5.63
90 2.3101 85 10 2.5 1050 6.45 7.66 0.11 1.18 7.56
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Table D2. Training data used in neural network study

Test \Y I F G TL HAZ UW UH P AP

No (mm/s) (A (I/min) (mm) (kgf) (mm) (mm) (mm) (mm) (mm?)
1 2.3101 85 10 2.5 1100  4.12 5.82 0.17 1.03 6.09
2 1.5311 30 10 0.5 1175  4.03 5.52 0.20 1.08 6.38
3 1.5311 30 6 2.5 1200 4.32 6.20 0.09 091 6.38
4 1.0696 40 8 4 1100  5.56 7.72 0.18 1.16 7.77
5 2.4541 30 10 2.5 900 3.10 5.63 0.08 0.97 543
6 1.9926 20 8 4 975 2.68 5.53 0.03 0.86 5.76
7 1.5311 30 14 2.5 1025  4.00 5.62 0.22 1.02 6.22
8 1.0696 40 12 1 1150 523 7.42 0.22 1.08 7.52
9 1.0696 40 8 1 1125 544 7.69 0.18 1.08 7.48
10 2.3101 85 10 2.5 1150  4.13 5.96 0.18 0.96 7.00
11 1.9926 20 12 1 1050  2.54 5.45 0.09 0.90 5.81
12 1.5311 30 10 5.5 875 443 6.50 0.18 0.78 6.78
13 1.9926 40 8 1 1150  4.66 7.01 0.12 1.02 7.09
14 1.9926 40 12 4 1275  3.60 7.72 0.10 0.95 6.56
15 2.3101 85 10 2.5 1375 444 7.98 0.08 1.25 7.98
16 2.5606 40 8 4 1225 3.08 6.42 0.04 0.89 5.48
17 2.3101 85 10 2.5 1380 4.46 7.98 0.08 1.22 7.99
18 2.5606 70 8 4 1325 4.79 8.45 0.15 1.14 7.20
19 2.3101 85 10 2.5 1300  5.61 9.51 0.25 1.14 9.19
20 1.9926 70 8 4 1250 535 8.96 0.14 1.19 9.06
21 1.7086 55 10 2.5 1325  5.00 8.84 0.08 1.15 8.98
22 1.9926 40 12 1 1280 3.4 7.17 0.09 1.10 7.9
23 1.9926 70 8 1 1300  5.10 8.57 0.17 1.27 7.34
24 1.9926 70 12 4 1260  5.30 8.63 0.12 1.17 8.55
25 2.5606 70 8 4 1385  4.79 7.22 0.15 1.14 7.20
26 2.5606 150 12 | 1100 7.50 9.73 0.18 1.18 9.78
27 2.5606 70 8 1 1375  4.63 6.98 0.18 1.22 8.80
28 3.0576 30 10 2.5 900 3.80 435 0.09 0.89 5.23
29 3.5546 70 8 4 980 4.60 5.78 0.15 0.98 5.89
30 3.5546 70 12 4 950 4.40 5.75 0.18 0.99 5.78
31 2.3101 85 10 2.5 1000  6.52 7.66 0.11 1.18 7.56
32 2.5606 70 12 1 1385  4.60 6.86 0.16 1.20 7.20
33 3.5546 150 12 4 975 6.50 8.78 0.09 1.19 6.86
34 2.5606 150 8 4 950 790 1048  0.20 1.16 9.79
35 3.5546 150 8 1 1050  6.35 8.56 0.10 1.20 6.73
36 2.5606 150 8 1 1000  7.40 9.86 0.19 1.19 9.72
37 3.0576 110 6 2.5 1020  6.70 7.72 0.10 1.16 7.39
38 3.5546 70 12 1 1000 4.10 5.63 0.10 1.10 5.56
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Table E1. Lower and upper values of experimental parameters

Eactors Units Minimum Maximum  Low Level High Level
Value Value (-1) (+1)
Welding Speed mm/s 1.0696 3.5546 1.690 2.930
Current A 20 150 52 117
Gas flow rate I/min 8 12 9 11
Gap mm 1 4 1.75 3.25
Mame nit= Lo Hicih

BV A 158 243

B A, 52 17

F Litmin g 11

D | mm 175 —

Figure E1. Design expert response surface design tab

Responzes: w -

| Mame | nit= |
TL [kgf)
Har ITIT

Figure E2. Completed response form
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Factor 1 Factor 2 Factor 5 Factor 4 Response 1 | Response 2
Std | Run Block A Bl CF G TL H&E
mimis A lmin mim kot mim
i 1 Block 1 355 150.00 g.00 1.00 1725 1E7
25 2 Block 1 2.3 9500 10000 250 1900 4.45
30 3 Block 1 23 9500 10000 280 1925 447
14 4 Block 1 2.3 15.00 10000 250 gl 1.23
15 5 Block 1 4 50 9500 10000 250 1800 25
24 G Block 1 2.3 9500 10000 550 1873 4.45
20 7 Block 1 2.3 20500 1000 250 1925 5.54
g g Block 1 355 150.00 1200 1.00 1875 452
26 9 Block 1 2.3 9500 10000 250 1900 4.47
3 10 Block 1 1.07 150.00 g.00 1.00 1725 922
2 11 Block 1 2.3 9500 10000 250 1973 4.47
10 12 Block 1 345 40,00 g.00 400 1000 1.749
15 13 Block 1 1.07 1:a0.00 12.00 4.00 1700 927
21 14 Block 1 2.3 9500 .00 250 1375 45
17 15 Block 1 017 9500 10000 280 1925 533
14 16 Block 1 345 4000 1200 4.00 1100 1.76
11 17 Block 1 1.07 150.00 g.00 400 1875 9.28
7 15 Block 1 1.07 1:a0.00 12.00 1.00 1800 9.25
5 19 Block 1 1.07 40,00 12.00 1.00 1800 415
G 20 Block 1 345 40,00 12.00 1.00 100 1.649
12 21 Block 1 345 1:50.00 g.00 4.00 1875 4.45
9 22 Block 1 1.07 4000 g.00 400 1850 418
16 23 Block 1 345 1:0.00 1200 4.00 1230 4 66
22 24 Block 1 23 9500 14.00 280 1825 4.45
25 25 Block 1 2.3 9500 10000 250 1900 4.47

Figure E3. Some part of design layout (Partially shown)
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Table E2. Summary of sequential model sum of squares for TL

ESPpoNnse:

Sequential Model Sum of Squares

Sum of

Source Squares
hean & 496E+007
Linear 1.285E+006
2F 5 B30E+005
Guadratic T.035E+005
Cubic T.T12E+005
Reszidusl 3027083
Tatal 3.832E+007

DF

= @ |+

oo

30

Mean
Square

& 496E+007

3.213E+005

94561 46

1.760E+005

GaGEE.77
a045.14
2 944E+006

Value

=
[mn)
]

Ly =
b =
[V, ]

Table E3. Summary of sequential model sum of squares for HAZ

Response:

Sequential Model Sum of Squares

Source
Mesn
Linear

2FI
Cuadratic
Cuhic
Reszidual

Total

HAZ

Sum of
Squares
B35.12

561
505
113.96
1152
7. 740E-003
77429

DF

= m -

[=ra ]

30

Mean
Square
B35.12
1.40

0.85

2549

1.25
1.290E-003
2581

356

F

Value

1.52

0.94
F2.070

99224

Prob > F
00139 Sudoested
0.3509
00399 Sudoested
ooos Aliazed
Prob = F
0176
04905
= 0.0001 Suggested
= 0,000 Aliased
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Table E4. Lack of fit test for TL

Lack of Fit Tests

Sum of Mean F
Source Squares DF Square Value Prob >~ F
Linesat 2 0EEE+00E 20 1.033E+005 BE .45 = 0.0001 Sunnested
2Fl 1 493E+006 14 1.070E+005 B5.53 = 0.0001
Guzdrstic T.A37E+005 10 79369.89 51.07 0.0002 Sunnested
Cubic 2250000 1 2250000 14 .45 00126 Aligzed
Pure Errar FIT0.E3 4 152417
Table ES. Lack of fit test for HAZ
Lack of Fit Tests
Sum of Mean F
Source Squares DF Square Value Prob > F
Linear 11.53 10 1.15 9161 .31 = 00001
2Fl 1713 14 1.22 73423 66 = 00001
Guadratic 222 20 111 BEESE .57 = 0.0001 Sugnested
Cubic 7 BSBE-003 1 7 BSBE-003 45938 = 0.0001 Alizzed
Pure Errar §.333E-005 5 1 BETE-005
Table E6. Model summary statistics for TL
L-‘Indel Summary Statistics
Std. Adjusted Predicted
Source Dev. R-Squared R-Squared R-Squared PRESS
Linear 287.95 03827 02539 01045 3.005E+00E Sunoested
2F1 281 .47 05515 031548 -0.139 3.826E+008
Guadratic 23115 0.7E14 05356 -0.4324 4.511E+006 Sugoested
Cubic 71.03 048310 093564 + Aliazed

357



APPENDIX E Ugur ESME
Table E7. Model summary statistics for HAZ
Model Summary Statistics
Std. Adjusted Predicted
Source Dew. R-Squared R-Squared R-Squared PRESS
Linear 0.83 09153 0.8363 0.4542 70.24
2F 0495 0.a742 0.a0e0 06612 46.14
Qadratic 0.94 0.5369 05108 0.7 445 J4.75 Suggested
Cukbic 0036 0.9929 0.99s7 + Aligzed
Table E8. ANOVA table for quadratic model of TL
Sum of Mean F
Source Squares DOF Square Value Prob >~ F
hdaclel 2 557E+006 14 1.827E+005 342 00121 significant
A SHRZE+O0G 1 5952 E+Q05 14 2005
B G ABIE+DOS 1 9 AGAE+Q05 176 Q0.0002
[ 375000 ? 375000 a.a7e 07347
0 S 13 ? S 13 ada 0.7543
A2 GEd 05 ? GEd 05 aaie Q0.9005
o D.AIZE+0S 1 04532 E+005 1037 L0ET
c2 3884 F+005 i 3884 F+005 373 a0725
o2 539794 i 539794 0.z 07342
AB A F2FE+OOS i £ F2TE+QOS .85 3.0035
AC JP06.25 1 JP06.25 2073 37905
AD 22500.00 1 22500.00 042 aa2es
BC 18906.25 ? 18906.25 .35 05608
B0 TOR00. 08 ? TOR00. 08 a.{g Qe7id
;o LOR00. 08 ? LOR00. 08 0.7 0.4005
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Table E9. ANOVA table for quadratic model of HAZ

Sum of Mean F
Source Squares DF Ssquare Value Prob > F
hodel 124 64 14 .90 11.59 = 0.0001 significant
A 45,99 ? 45,99 63,73 = Qoea
B B9.13 ? B9.13 5996 = Qoea
[ 2042 E- 004 1 2042 E- 004 2 EETEQ0L 09572
n 0067 1 0.067 Q087 Q7722
A2 1.02 1 1.02 1.33 Q2677
£ 240 1 240 3z Q0477
2 074 1 074 102 0.3283
2 142 ? 142 1.85 27948
AB 507 ? 507 B0 Q024
AC 5.G20E-005 1 5.G20E-005 FA20E005 0.9933
A 56205005 1 56205005 7 A20E005 0.9933
BC 50635004 1 50635004 B. 5855004 09794
a0 2.206E-003 1 2.206E-003 24365003 09575
.o 3 30EE-003 1 3 30EE-003 4 3025003 0.9456
Table E10. Diagnostic case statistics for TL
Standard Order Measured Value Predicted Value  Residual %Error Leverage Run Order
1 1875 1579.89 295.11 18.68 0.62 28
2 1100 1018.18 81.82 8.04 0.615 29
3 1725 1772 -47 -2.65 0.609 10
4 1725 1897.8 -172.8 -9.11 0.604 1
5 1800 1804.89 -4.89 -0.27 0.62 19
6 1050 1180.68 -130.68 -11.07 0.615 20
7 1800 1859.5 -59.5 -3.20 0.609 18
8 1875 1922.8 -47.8 -2.49 0.604 8
9 1850 1772.33 77.67 438 0.606 22
10 1000 1060.62 -60.62 -5.72 0.6 12
11 1875 1864.44 10.56 0.57 0.592 17
12 1875 1840.23 34.77 1.89 0.585 21
13 1850 1797.33 52.67 2.93 0.606 30
14 1100 1023.12 76.88 7.51 0.6 16
15 1700 1751.94 -51.94 -2.96 0.592 13
16 1250 1665.23 -415.23 -24.94 0.585 23
17 1925 2151.56 -226.56 -10.53 0.48 15
18 1800 1541.86 258.14 16.74 0.652 5
19 850 1230.68 -380.68 -30.93 0.358 4
20 1925 1633.4 291.6 17.85 0.694 7
21 1375 1529.88 -154.88 -10.12 0.603 14
22 1825 1579.88 245.12 15.52 0.603 24
23 1875 1879.05 -4.05 -0.22 0.308 26
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Continue of Table E10
Standard Order Measured Value Predicted Value  Residual Y%Error Leverage Run Order
24 1875 1782.95 92.05 5.16 0.71 6
25 1900 1890.79 9.21 0.49 0.154 25
26 1900 1890.79 9.21 0.49 0.154 9
27 1975 1890.79 84.21 4.45 0.154 11
28 1900 1890.79 9.21 0.49 0.154 2
29 1985 1890.79 94.21 4.98 0.154 27
30 1925 1890.79 34.21 1.81 0.154 3

%Average Error” 7.53

o Error” = Measured Vall:le— predicted value 100
Predicted value

Table E11. Diagnostic case statistics for HAZ

Standard Order Measured Value Predicted Value  Residual %Error Leverage Run Order

1 4.13 3.82 0.31 8.12 0.62 28
2 1.7 2.01 -0.31 -15.42 0.615 29
3 9.22 8.58 0.64 7.46 0.609 10
4 4.67 4.52 0.15 3.32 0.604 1
5 4.15 3.78 0.37 9.79 0.62 19
6 1.69 1.96 -0.27 -13.78 0.615 20
7 9.25 8.56 0.69 8.06 0.609 18
8 4.52 4.5 0.025 0.44 0.604 8
9 4.18 3.71 0.47 12.67 0.606 22
10 1.79 1.89 -0.1 -5.29 0.6 12
11 9.28 8.42 0.86 10.21 0.592 17
12 4.48 4.35 0.13 2.99 0.585 21
13 4.16 3.72 0.44 11.83 0.606 30
14 1.76 1.9 -0.14 -7.37 0.6 16
15 9.27 8.46 0.81 9.57 0.592 13
16 4.66 4.38 0.28 6.39 0.585 23
17 5.33 7.52 -2.19 -29.12 0.48 15
18 2.8 2.26 0.54 23.89 0.652 5
19 1.23 0.97 0.26 26.80 0.358

20 5.34 6.56 -1.22 -18.60 0.694 7
21 4.5 5.03 -0.53 -10.54 0.603 14
22 4.46 5.02 -0.56 -11.16 0.603 24
23 4.48 493 -0.45 -9.13 0.308 26
24 4.48 5.36 -0.88 -16.42 0.71 6
25 4.47 4.36 0.11 2.52 0.154 25
26 4.47 4.36 0.11 2.52 0.154 9
27 4.47 4.36 0.11 2.52 0.154 11
28 4.48 4.36 0.12 2.75 0.154 2
29 4.47 4.36 0.11 2.52 0.154 27
30 4.47 4.36 0.11 2.52 0.154 3

9%Average Error” 9.79
94 Error” — Measured value — predicted value 100

Predicted value
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