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Executive Summary 

 

Welding is a major joining technique employed in hi-tech industries like in nuclear, 

aerospace and aeronautical, submarine and shipbuilding and pressure vessel 

applications for the production of high performing resilient structures. Tremendous 

efforts were made in the last couple of decades showing remarkable development in 

new welding technologies for defect free resilient structures capable of excellent in-

service thermal and structural load bearing features. 

 

The objective of this research work is to find the alternative welding methods for 

welding of aerospace alloys, pressure vessels and in industrial applications. So far, 

very little attention is given towards multi-process welding (hybrid welding and dual 

welding). The multi-process welding procedures combine two welding processes for 

joining of metals on one work-piece. Through multi-process welding, the advantages 

of two welding processes can be combined. The combination of the two welding 

processes reduces thermal distortion of the welded work-piece and assures weld 

penetration. Although some research is done on hybrid welding, but still the dual 

welding process is mostly unexplored. 

 

Low alloy steels (may or may not requiring post weld strengthening heat treatments 

depending upon the in-service loadings) along with stainless steels are the potential 

candidate materials.  

 

Heat Affected Zone (HAZ) and Fusion Zones (FZ) are developed during welding 

process and subsequent cooling of the metals have significant effect on the 

microstructures, physical properties, mechanical properties and stress distributions. 

 

In this research work Dual welding process is selected as welding process. Two 

welding processes are selected and tensile samples are prepared by these welding 

processes. High Strength Low Alloy (HSLA) steel is used for the welding process. 

The effects of the dual welding process on the mechanical properties of HSLA steel 

are studied. The comparison of different mechanical properties such as tensile 
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strength, yield strength, percentage elongation and hardness is made at the end. The 

microstructure analysis of weld beads has also been made in this work. In the last 

chapter, the results are discussed and some objectives have also been suggested for 

further work. 
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CHAPTER 01 

INTRODUCTION 
 

 

 

1.1 INTRODUCTION 
 

Welding technologies are fundamental to engineering and manufacturing. Welding is 

considered one of the most complex manufacturing processes which involve number of 

variables and factors contributing towards the final product. Without the ability to make 

strong and durable joints between materials it would be impossible to produce the many 

different items we all rely on in our everyday lives. Welding is extensively used in the 

fabrication of various structures ranging from conventional industrial applications 

(Buildings, pipelines, trains and bridges, medical implants and electronic devices) to 

high-tech engineering applications in nuclear, aerospace, marine and high-pressure vessel 

applications. Welding has reduced the cost of manufacturing and time of manufacturing 

considerably. Welding offers significant advantages compared to other mechanical 

joining methods which include flexibility of design, improved structural integrity and 

weight & cost savings [1, 2]. In addition to these merits, the welding process also has 

some demerits. It also induces thermal strains in the metal regions near the weld, 

resulting in stresses, which combine to produce internal forces that cause bending, 

buckling, and rotation. These unwanted bending, buckling and rotations are termed as 

welding distortions [3]. Both weld distortions and residual stresses affect the performance 

and reliability of the structure under welding [4]. Numerous efforts are being made to 

reduce the unwanted welding distortions. These distortions are the result of the presence 

of Heat Affected Zone (HAZ) which cannot be avoided, however can be minimized by 

carefully monitoring and controlling different welding parameters. 

The engineers engaged in the manufacturing of welded structures face numerous 

challenges related to welding day by day. During joining of various structural 

components, high thermal stresses and distortions are produced. Shop floor engineers 

have to cope up with these unwanted distortions and have to devise such welding 

procedures so that these stresses and distortions are minimized and do not affect the 

performance of structures. 
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1.2 MOTIVATION FOR REASERCH 
 

From the preceding discussion it is evident that welding is the extensively utilized 

permanent joining method in the fabrication of various structures ranging from 

conventional industrial applications (Buildings, pipelines, trains and bridges, medical 

implants and electronic devices) to high-tech engineering applications in nuclear, 

aerospace, marine and high-pressure vessel applications[1,2]. Welding directly affects the 

structural integrity and in-service performance of the structure.  

Enormous efforts have been made to explore in the past, the different welding processes 

and their effect on weldment individually at various prestigious academic and research 

centers around the globe. But so far, very little attention is given towards hybrid welding 

and dual welding. These welding procedures combine two welding processes for joining 

of metals. Through these (Hybrid or dual welding) the advantages of two welding 

processes can be combined. Although some research is done on hybrid welding, but still 

the dual welding process is mostly unexplored. 

 

Fig. 1.1 Hybrid Laser Arc Welding [20] 

 

Here is an example that shows the advantage of hybrid welding process. 

In ship-building, large steel plates that can be up to 30 meters long and 15 millimeters 

thick are welded together. The gaps between the plates, however, are too large for the 

laser beam to bridge by itself. To get around this problem, laser welding is combined 
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with MIG welding. The laser delivers the high power densities needed for the deep welds 

and enables high welding speeds. This, in turn, reduces heat input and distortion. The 

MIG torch, meanwhile, bridges the gap between the parts and closes the joint using filler 

wire. On the whole, the hybrid technique is faster than MIG welding alone, and the parts 

are subject to less distortion [21]. 

The combination of the two welding processes reduces thermal distortion of the welded 

work-piece and assures weld penetration. 

 

1.3 SCOPE AND OBJECTIVES OF THE RESEARCH 

 

The level of research activities in this dissertation is limited to dual welding (EB+TIG) of 

High Strength Low Alloy (HSLA) steel and comparison in the variation in mechanical 

properties after welding with respect to individual welding processes (EB & TIG). HSLA 

steels are mostly used for aerospace structures because of their high strength and low weight 

ratio. The HSLA steels have carbon percentage between 0.3 ~ 0.5 % [23]. The hardness 

of HSLA steel can be improved by heat treatment. 

 

The primary aim of this research work is: 

 

Dual Welding (EB+TIG) Process of High Strength Low Alloy (HSLA) steel and 

comparison of Mechanical Properties with individual welding processes (EB & 

TIG). 

 

Hybrid welding process is the method in which two welding processes act simultaneously 

(e.g. Laser and TIG) and welding is done with same molten pool to avoid cracks 

development and distortion [23]. In hybrid welding, speed of welding and weld quality is 

also improved considerably, deep penetrations are achieved. The dual welding process 

differs little bit from hybrid welding process, as in dual welding two welding processes 

are not applied simultaneously in the same molten pool. 
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A dual process is a welding process where two separate weld processes act in a row. First 

one welding process is being carried out, and then the second welding process is done on 

already completed welding process. 

 

In this research work, dual welding process will be used. The comparison will be made 

between the mechanical properties of individual welding processes and dual welding 

process. 

 

1.4 THESIS OUTLINE 

 

The dissertation is organized in six chapters and the significant contribution in each 

chapter can be conveniently summarized as follows: 

 

Chapter 01 presents introduction to welding process, problems being faced by welding 

engineers. Based on the effect of welding to the integrity of the structures, motivation for 

the present research work and in-line with the motivations the scope and objective(s) of 

the research work are established. 

 

Chapter 02 covers the previous work related research. A comprehensive literature review 

is made on welding history, different types of welding processes, different welding 

terminologies, effects of welding on micro-structure of metal. The EBW and TIG 

Welding processes are discussed in detail and various parameters affecting their 

performance. 

 

Chapter 03 covers the Design of Experiments conducted using MINITAB software for 

the optimization of welding parameters. The computers software Minitab s used for this 

purpose. These optimized parameters are used for welding test coupons. 

 

Chapter 04 covers multi-process welding techniques. This chapter is also some sort of 

literature review but it is given new chapter number because these welding processes are 
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relatively new and much work is needed to be done in this domain. This chapter covers 

Hybrid laser welding process and dual welding process. 

 

Chapter 5 is the core of the thesis in the present research work. In this chapter detail of 

experimental setup employed and experimental validation strategies developed in this 

dissertation have been presented. It covers detail of research methodology, practical 

approach adopted, testing and analysis has been discussed.  

 

Chapter 6 covers results and discussions made on research work carried out in chapter 4 

and provides valuable recommendations for future work. At the end references have been 

given. 
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CHAPTER 02 

LITERATURE REVIEW 
 

 

 
INTRODUCTION 

 

The welding technology is considered to be started somewhere in 1000 BC. At that time, 

forge welding process was used in weapons. The Electric fusion welding process was 

considered to be used first time in Germany in 1782 by G. Lichtenberg [5]. However, 

majority of references point out the start of electric arc welding process in late nineteenth 

century. A short history of the developments made in welding processes is shown in 

Figure 2.1 [6]. 
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2.1 WELDING TECHNOLOGY 

 
Welding technology is an important part of any mechanical production organization. 

Welding is the most common metal joining process in the mechanical manufacturing 

industries. Welding is a joining process used to permanently join materials, usually 

metals or thermoplastics, together. During welding, the work-pieces to be joined are 

fused at the joining interface with application of heat and usually a filler material is added 

to form a weld pool of molten material that solidifies to become a strong permanent joint. 

Generally, welding can be defined as any process in which two metal pieces are 

permanently joined together with the application of heat, pressure, or a combination of 

both. 

 

2.1.1 DIFFERENT TYPES OF WELDING PROCESSES 
 

The Welding processes can be divided into two main categories [7]:  

1. Pressure Welding. 

The process in which the metal pieces are welded together by the application of 

pressure.  

2. Heat Welding.  

The process in which the metal pieces are welded by applying  heat. This is most 

common welding type in industry. 

 

These two main groups are further subdivided into following main categories. 
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The brief introduction of all these welding processes is given below. 

Gas Welding: In this method, combustion of gases produce a focused high temperature 

flame that melts the pieces to be joined and filler wire together. The Oxy-fuel welding is 

most wide-spread used type of gas welding in which acetylene and oxygen gases are used 

for combustion. 

Arc Welding: An electrical Arc is created and maintained between electrode and work-

pieces by a welding power supply. High temperatures are produced in arc welding which 

melts and fuses the work-pieces to be joined. AC or DC power supply can be used, 

consumable or non-consumable electrode can be used and a filler wire may or may not be 

added in arc welding as per requirement. 

  

The most widely used types of Arc Welding processes are:  

 

Shielded Metal Arc Welding (SMAW): A coated consumable electrode is used to create 

the weld in this process. During welding, the electrode and its coating melt and flux is 
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produced as coating disintegrates producing shielding gases. These shielding gases serve 

two purposes; protect the welding area from atmospheric gases contamination and give 

molten slag. The filler metal is covered with molten slag as it moves from electrode to the 

weld pool. Slag is used form the protection of weld contamination during solidification. 

This slag is removed by chipping to see the finished weld after some time. The process is 

shown in Fig. 2.3 

 

Fig. 2.3 Schematic of Shielded Metal Arc Welding [23] 

 

Gas Metal Arc Welding (GMAW): The schematic of GMAW is shown in Figure 2.4. In 

this process, shielding gas is the mixture of argon and carbon dioxide and are fed to weld 

area through welding gun. A consumable wire electrode is continuously fed to the weld 

joint a specified feed rate.  

 

Fig. 2.4 Schematic of Gas Metal Arc Welding [24] 
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Gas Tungsten Arc Welding (GTAW): In this process, a non-consumable tungsten 

electrode is used for the welding. The shielding gas is used for the protection from 

atmospheric contamination and a filler metal of the same material as the work-pieces is 

used in this process.  

Energy Beam Welding: The metal is melted and fused together through a focused high 

energy beam (Laser beam or electron beam). 

Solid-State Welding: In Solid State Welding, work-pieces to be joined are not melted in 

the weld zone instead they are fused in solid state. Some types of this welding are roll 

welding, ultrasonic welding, friction welding etc. 

 

2.1.2 WELDING TERMINOLOGY 
 

Some special terms that are used in welding.  

 

Filler Material: During welding material is added to fill the gap and space in the work-

pieces. This gap or space is filled with filler material. Sometimes filler material is 

provided from welding rod and sometimes from electrode depending upon the process 

used. 

Welding Rod: Welding rod only supplies filler material to the weld joint. These do not 

conduct electric current through them. 

Electrode: The term electrode comes from the fact that an electric arc is passed, to the 

metal welded, from this component of welding plant. These are used in arc welding 

process. They can be divided into two types.  

o Consumable electrodes are consumed during the welding process because they provide 

filler material to the weld joint. They also used as a passage for electric current. 

o Non-consumable electrodes are not consumed during the welding process. They do not 

provide filler material to the weld joint as it is added separately. They are only used as a 

passage for electric current to produce electric arc for the fusion process 

Flux: The work-pieces to be welded are chemically cleaned before the start of any 

welding process to remove all impurities such as rust. If the oxides are not properly 

removed from the material to be welded, weld may contain impurities. The Flux is used 
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to disintegrate oxides and releases trapped gases and slag from the metal during welding. 

The flux materials are available in many forms and they are selected on the basis of 

welding type used & work-piece type. 

Root Opening: Sometimes we leave a space between the work pieces to be welded, in 

the joint preparation phase. This is called root opening. 

Throat: The distance between the face center and root of the weld is known as throat of 

the weld. 

Face: Outer part of the weld bead which is visible is known as face of the weld. 

 

Fig. 2.5 Different Welding Terminologies [25] 

 

2.1.3 TYPES OF WELD JOINTS 
 

Edges of the work-pieces where welding is done or where fusion is achieved are known 

as weld joints. Different weld joint types are: 

Butt Joint: When two pieces of metal, which are under welding, are lined up in the same 

plane, this is called butt joint. 

Corner and Tee Joints: T-joints are the joints when T shape is formed by the weld joint. 

Corner joints are the joints when L shape is formed by the weld joint. Two pieces of 

metal under welding act at right angle with each other in this case. 

Lap Joint: One piece rests on the other piece in this type of weld. Welding is done at the 

edge of one piece and at the face of other piece. 

Edge Joint: The edges of two pieces of metal under welding lie in the same plane. 
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These joint types are explained in Fig. 2.5 

 
Fig. 2.6 Different types of Weld Joints [11] 

 

 

 

2.1.4 EFFECT OF WELDING ON THE MICRO-STRUCTURE 
 

When the metal work-pieces are welded and fused together, work-pieces melt at the weld 

zone due to heat input and the grains of base metal melt and re-crystalizes again at and 

around the weld zone after removal of heat. Immense amount of heat is generated during 

welding process. The heat generated during welding induces the stresses in the weld joint 

and welded structures. Due to this melting and re-crystallization of metal, the 

microstructure of the base metal changes near and at the weld region. The effect of 

welding process to the base metal microstructure is shown in the Fig. 2.7 & 2.8 
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There are various welding positions on which a welding can be made. Horizontal and 

vertical positions are considered easiest positions for welding 

 

Fig. 2.9 Positions of welding [25] 
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2.2 TIG (TUNGSTEN INERT GAS) WELDING PROCESS 

 

TIG Welding, also known as Gas Tungsten Arc Welding (GTAW) is very commonly 

used type of welding process [5,6,10].  The TIG welding process gained popularity 

during the World War II. This was due to increased demand of fabricated parts for the 

American aircraft industry. The TIG welding process was used as a method of joining 

magnesium and aluminum at that time. The magnesium was welded by tungsten 

electrode and shielding gas used was helium in the late 1930’s.  TIG welding became an 

overnight success in the 1940s for joining the metals. TIG welding has important role for 

the realization of the acceptance of high quality welding and application in the industries. 

Originally aluminum and stainless steel were welded by this process, whose welding is 

quite difficult.  Now the TIG welding process is used for welding for other alloys as well. 

TIG welding  processes  has gained very much popularity and acceptance in  the  industry  

very early due  to  its  low cost equipment, availability, excellent quality  and  versatility  

of  welding equipment and  skilled welders. The aerospace, high pressure vessels and 

aircraft industries are main users of TIG welding process. It has gained very much 

reputation in industrial applications because the cost of equipment is low and operating 

cost is also low due to low cost wire. The TIG welding process is shown in Figure 2.10 

[10].  
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TIG welding is a heat type process because heat is passed to the weld join to fuse 

materials and achieve full penetration. An electric arc is produced and maintained 

between electrode and the metal and the temperatures of the arc reach up to 2500°C 

(4530°F) [10]. When electric arc produces this much heat, metal work pieces are melted 

at the joint and fused with each other causing a good sound weld joint. The electrode 

used for this welding process is non-consumable tungsten electrode. Argon, helium or a 

mixture of both argon and helium is used for shielding from atmospheric contaminations. 

Both are inert gases and make close envelop around the electrode and molten pool. Since 

welding process does not consume electrode, filler material is added to fill the gaps 

between the metals under welding for sound quality welds. The welding parameters are 

determined by experience or from handbook values. Various factors contribute towards 

quality of weld.  
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2.2.1 VARIABLES IN TIG WELDING  

 

Some basic parameters for good quality welding are explained below: 

1.  Material.   Properties of base metal (composition of material, reaction with oxygen, 

thermal conductivity, coefficient of thermal expansion, and crack sensitivity) are 

important parameters for welding.  

 2.  Weld geometry. Selection of welding process depends upon weld geometry. The 

joint type (butt, lap, fillet or T-joint) and Bevel type (single-V, double-V or U shape).  

Weld geometry is an important parameter for producing sound quality weld [12].  

3.  Welding Position.  Welding positions also play vital role in weld quality. Mostly the 

vertical and horizontal welding positions are used for welding. Problems are increased 

during welding at difficult welding positions because weld quality is affected at difficult 

positions and more skilled workforce is required to weld at these positions [12]. 

4.  Shielding Gas (lit/min). Shielding gases also play important role in producing good 

quality welds. These gases are used to keep atmospheric contaminations away during 

welding phase.  

5.  Welding Speed (cm/min).  Welding speed has very vital role in welding. Penetration 

and width of weld bead during welding process is dependent on welding speeds. For 

example, If maximum penetration is accomplished at a given welding speed, if we 

decrease the weld speed keeping all other parameters same, the weld bead width is 

increased and vice versa.  

6.  Wire Feed Rate (cm/min).  If we increase the wire feed rate, resistance heating 

increases and welding current also changes and weld quality is affected. 

7.  Material Thickness (mm). This parameters plays vital role in penetrations and 

quality of weld produced and distortions produced during welding. If material selected 

for welding is thick, heat input for welding will be more and controlling the cooling also 

becomes critical. 

8.  Welding Current (Amp).  It is very important parameter for welding and plays 

critical role in welding. It is directly proportional to the speed of welding. More the 

welding current, greater is the welding speed. If we keep the speed fixed and increase the 

welding current, the penetration will be too high and some material will be melted 
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through the metals being joined. Similarly if speed is fixed and we decrease the welding 

current, there will be lack of fusion and less penetration [11,12,15]. 

9.  Welding Voltage (V). Voltage is as important parameter for welding as is the welding 

current. It has direct influence on the width of the weld bead and the microstructure of the 

weld joint. When the voltage is increased while keeping the other parameters fixed, the 

arc length, the width of the weld bead is also increased and the weld penetration is 

decreased. When we decrease the voltage, the arc length is decreased and penetration is 

increased. When we excessively decrease the voltage, arc becomes unstable and crowned 

bead is produced [12,15]. 

 

2.2.2 PERFORMANCE MEASURES IN TIG WELDING 

 

Performance measures of welding process are listed, besides toughness, hardness, weld 

quality, ductility, HAZ etc.:  

1. Weld Strength (MPa).   

The welding efficiency and production cost is directly affected by this performance 

measure. 

The strength of base metal and weld strength has directly influence on quality of weld. 

Weld strength depends upon various factors such as the material of the work-pieces, type 

of welding, type of joint, filler material used, input heat, welding method used etc. A 

standard tensile test sample is prepared from the test coupon and yield strength and 

tensile strength are checked to prove that failure will occur in the metal rather than 

weldment or Heat Affected Zone [1,6,12,].   

2. Weld Induced Residual Stresses (MPa) & Distortions.  

Residual stresses are produced during welding due to heat and distortions are the result of 

these residual stresses. They affect the performance of the weld quality. Both are not 

required in the welded joints but they cannot be avoided however they can be minimized 

with the proper arrangement of welding fixtures, direction of the welding process and 

other parameter setting such as voltage, current, speed etc. The residual stresses can reach 

up to the yield stress values and are normally tensile in nature due to the shrinkage of the 

metal after cooling. The failures of welded parts under low applied stresses occur 
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normally due to these stresses. This type of failure is called pre-mature failure. These 

stresses are the cause of initiation of cracks and their propagation in the weld. The welded 

material has less fatigue life if the amount of residual stresses in more in the weld joint. 

They play an important role for determining fatigue life of metal joints.  

 

3. Welding Temperatures (°C).  

The temperature produced during welding process by the welding torch is called welding 

temperature. It is desired to have as low welding temperature as possible to produce a 

good quality weld and have minimum distortions and stresses due to welding 

temperature. The value of welding temperature is determined on the basis of thickness of 

work-pieces under welding, the composition of filler wire and weld parameter settings. 

High welding temperature produces high Heat Affected Zone. 

 

 

Fig. 2.11 Basic Equipment of GTAW Process 

 

Major applications of TIG welding process are Pressure Vessels, fabrication of boilers, 

aluminum casting, aerospace and aircraft industry. 
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2.2.3 SELECTION OF WELDING PROCESS AND PARAMETERS 

 

Use tables to help select the proper welding process for the type and thickness of metal to 

be welded. As a general guideline, use AC  TIG for welding aluminum/magnesium; use 

DCEN for all other metals. Use DCEP SMAW (stick) for welding most metal, and use 

DCEN for some stainless steel application. 

 

Fig. 2.12.Guidelines for process selection 

 

Power Source TIG welding 

The both AC and DC power supply is used in TIG welding plant. The materials to be 

welded and the welding work-pieces type determine which type of machine is required 

for welding.  

All three types of welding current, or polarities, can be used for TIG welding. Each 

current has individual featured that it makes more desirable for specific, conditions or 

with certain types of metals. The major difference among the current is in their heat 

distribution and the presence or degree of arc cleaning. 
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• Direct Current electrode negative (DCEN), which use to be called direct−current 

straight polarity (DCSP) current rates about two−thirds of its welding heat on the work 

and the remaining one−third on the tungsten. 

• Direct Current electrode positive (DCEP), which used to be called direct−current 

reverse polarity (DCRP), concentrate only one−third of the arc heat on the plate and 

two−third of the heat on the electrode. 

There are many theories as to why DCEP has a cleaning action the most probable 

explanation that the electrons accelerated from the cathode surface lift the oxides that 

interfere with their movement. The positive ions accelerated to the metals surface provide 

additional energy. In combination, the electrons and ions cause the surface erosion 

needed to produce the cleaning. Although this theory is disputed, it is important to note 

that DCEP occurs, that it requires argon−rich shield gases and DCEP polarity, and that it 

can be used to advantage. 

• Alternating Current (AC) concentrates about half of its heat on the work and the other 

half on the tungsten. Alternating current is DCEN half of the time, DCEP the other half 

of the time. 
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Electric arc: 

The TIG welding process can either use direct current (DC) source or alternating current 

(AC); the materials to be welded and the welding work-pieces type determine which type 

of source for welding. With DCEN welding source, deep penetrations and more welding 

speeds can be achieved. DCEP overheats the electrode due to high temperature at the 

electrode; weld quality is not good with this source due to electrode burning so this 

source is strongly not suggested. AC source can be effectively used for aluminum and 

magnesium to produce super quality welds because it changes polarity continuously and 

act as cathode cleaning agent and removes oxides from work-pieces. Sine wave, pulsed 

direct current or square wave AC can also be used as per welding applications 

 

Electrode:  

Tungsten is used as an electrode in the TIG welding due to its high melting point. The 

electrode is used as a source of to generate electric arc terminal which provide heat for 

welding process. The tungsten electrode should not be in contact with molten pool to 

avoid contamination and faulty welds. The electrode can be improved by adding some 

other elements such as lanthanum, cerium, thorium and zirconium. This enhances the arc 

stability and brings higher melting temperatures. 
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Fig. 2.14 TIG Welding Process [12] 

 

Shielding gases:  

Argon, helium or mixtures of both argon and helium are used as the shielding gases in 

TIG welding process. Both argon and helium are inert gases. Argon is mostly used in 

welding due to its excellent arc stability characteristics, low cost and cleaning action in 

some materials. On the other hand helium gas has high thermal conductivity which is 

helpful for deeper penetrations but it is costly and lighter gas. Its quantity increases for 

proper shielding with respect to argon because it is lighter. The two gases characteristics 

are balanced by using the mixture of both gases. 
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A comparison of merits and demerits of shielding gases is given in table Fig. 2.15 

 

Fig 2.15 Comparison of properties of shielding gases in TIG Welding [11] 

 

 

2.2.4 APPLICATIONS OF TIG WELDING 

Due to high quality welding at relatively low equipment cost, the TIG welding has 

become essential tool for most of the manufacturing industries. It has gained much 

popularity in nuclear and aerospace industries, in industrial applications due to its 

flexibility and ease of control. It require, however, skilled workforce. TIG welding 

machines can be semiautomatic, automatic and manual. The TIG welding process can be 

used to for welding almost all the metals producing good quality welds especially for 

welding magnesium and aluminum, for reactive metals like zirconium and titanium. 
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2.2.5 MERITS AND DEMERITS OF TIG WELDING 

 

1. The tungsten inert gas process can be used for welding aluminum, magnesium, 

stainless steel silicon bronze titanium, copper and copper alloy, and wide range of 

different metal thickness in mild steel [13]. 

2. Top quality welds made in the above metal need little, if any, cleaning after 

welding period[13]. 

3. TIG Welding is most often used for joining aluminum from 1/32 inch to 1/8 inch 

(0.79 to 3.2 mm) thick. Although heavier sections can be joined by TIG welding, 

other processes are usually more economical. 

4. TIG welding is an easy method of joining metals that are considered 

hard−to−weld, and filler and base metals can be easily matched. With TIG 

welding, strip of scrap parent metal may be used for filler metal [15]. 

5. Post−weld machining, grinding, or chipping can usually be eliminated due to the 

easily controlled weld reinforcement. 

6. The need for flux is eliminated, even on hard to weld metal such as aluminum. 

7. TIG welding can weld almost all type of materials. 

8. Thin materials are extremely easy to weld by TIG welding. 

9. Dissimilar metals can be easily welded by TIG welding 

 

Disadvantages of TIG welding: 

1. Travel speed is slow as compared to other welding processes. 

2. Filler metal deposition rates are low. 

3. Skilled workforce is required. 
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2.3 EBW (ELECTRON BEAM WELDING) PROCESS 

 

 
Fig. 2.16 EBW Machines [17] 

 

 

The German physicist Karl-Heinz Steigerwald created the first Electron Beam Welding 

(EBW) machine. In EBW process, a beam of high-velocity electrons act upon the metals to 
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be welded. The kinetic energy of electrons is converted into heat energy upon collision with 

the metals to be welded. 

The whole welding process is conducted under vacuum. Pressure in vacuum chamber is 

kept at about 2X10
-7

 to 2X10
-6

 psi (0.00013 to 0.0013 Pa). This much high vacuum is 

required otherwise the high velocity electrons will strike at the air molecules before the 

metal to be joined and will lose their energy on their way to the work-pieces to be 

welded. 

 

2.3.1 WORKING PRINCIPLE OF EBW 

 

The three main parts of EBW machine are: 

 

1. Beam generation 

2. Beam manipulation 

3. Forming and working chamber. [18] 

 

All these three major parts of machine can have one combine vacuum system or they 

have their separate vacuum systems. The separate vacuum systems offer flexibility as the 

operator can do his work on each part separately.  
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Fig. 2.17 Working Principle of EBW [16] 

 

A tungsten cathode is heated up by high current and high voltage under vacuum. This 

heated cathode releases electron by the process of thermal emission. The direct heating of 

cathode can be done by filament current or indirect heating can be done by coiled 

filaments [16,18]. Now these free electrons which were released by thermal emission are 

accelerated between cathode and pierced anode by the application of high voltage. The 

tungsten cathode is a sort of strap wire. The tungsten cathode and pierced anode are 

shown in figure 2.18 [16]. A modulating electrode regulates the electron flow which is 

positioned between anode and cathode. A barrier filed only passes certain quantity of 

electrons which is dependent on the cut off voltage and the cathode height[18]. 



29 

 

This occurs only when the excess electrons are present in front of cathode in the form of 

electron cloud. 

                                           

                 Tungsten Cathode      Strap-wire                      Beam Generator 

Fig. 2.18 Parts of Beam Generation process [18] 

 

The wehnelt cylinder cathode has a shape similar to concave mirror as is used in light 

optic. Its function is to focus the beam of electrons electrostatically along with the 

adjustment of beam current. When the electron beam is passed through the pierced anode, 

it diverges. The adjustments are made to the electron beam when it passes through the 

adjustment coil. The electron beam gains the necessary power density for welding 

process only when it passes through the deflection and focusing coils. The Beam forming 

and manipulation components are shown in the figure 2.19. 

 

 

                    

Magnetic Lens      Correction and deflection coils 

Fig. 2.19 Components of Beam Forming & Manipulation [18] 
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The purpose of electromagnetic focusing lens is to focus the beam on the metal pieces 

under welding at the weld joint inside the vacuum chamber. Deflection coil is used for 

keeping the electron beam in oscillating motion. The aberrations of the lenses are 

corrected with the help of stigmator coil which is also located in the electron beam 

generator. 

An arrangement of lenses is used as a viewing optic system or some video system. This 

system is used to see the position of the electron beam on the workpiece to be welded in 

the vacuum chamber. Depending upon the high voltage supply between cathode and 

anode, the electrons are accelerated at a speed up to 35% - 65% of the speed of light [17]. 

The major and critical component of the electron beam welding machine is the electron 

beam gun[18]. In this component the electron beam is produced under high vacuum. The 

welding is done in vacuum because as this focused electron beam passes under 

atmospheric conditions. The electrons will be scattered by the striking at the molecules of 

air. 

Separate vacuum pumps are used to produce vacuum in working chamber and electron 

beam gun generator. A value is positioned between working chamber and gun generator, 

known as shut-off valve, to maintain vacuum in the gun generator while the working 

chamber is open for placing and positioning fixtures and of the work piece. Once all the 

arrangements are made, the working chamber is closed and air is pumped out of the 

working chamber.  

The electron beam after passing through the gun generator enters into the vacuum 

chamber and strikes at the workpiece under welding. Viewing optics is arranged in the 

gun generator so that the beam energy striking at the work piece can be viewed in the 

video camera. Magnified images of workpiece under welding and beam arrangement can 

be seen in the camera. 

 

Beam Interaction in Chamber Cavity: 

The electron beam is targeted at the workpiece under welding in the chamber cavity. The 

distance between the beam generator and the workpiece is known as shoot distance. This 

distance is critical, as all the parameters are calculated at this distance and it is the exact 

replica and representative of the height at which actual part will be welded. This 



31 

 

procedure is same for all pre-weld setup requirements. Then the welding operator will 

follow a process of beam adjustment and beam parameter finalization [18]. Once the 

beam parameters are finalized, the machine is now ready for part welding process. 

The electron beam strikes at the marked or aimed location on the part under welding.  

Energy conversion process takes place as all the kinetic energy of accelerated electrons is 

converted into thermal energy. Material under welding can either be stationary for 

straight linear joint (longitudinal) or can be rotated along a desired axis of motion for 

circular welding (traversed). The motion of the table in the working chamber can be CNC 

controlled or simple rotary mechanism can be used. The gun generator is stationary and 

fixed; the welding is carried out on the metal by the motion of the working table in the 

chamber [18,19]. 

When the energy of electron beam is converted into heat energy, the metal under welding 

begins to melt at the joint surface then quick vaporization takes place followed by the 

resultant coalescence. 

 

2.3.2 MODES OF WELDING 

 

Two welding modes are used in the EBW: 

1-Conductance mode: 

This is mode is applicable for thin materials. The weld joint is heated up to melting 

temperatures quickly at or below the materials surface. This is followed by the thermal 

conduction throughout the weld joint for full penetration [27]. The weld resulted by 

conductance mode is very small for following reasons: 

a- It is created by a concentrated electron beam with high energy density. 

b- Because the concentrated beam of electrons is of very high energy, quick travel speeds 

are possible. The welding occurs at fast speed, minimum heat is absorbed in the base 

metal close to the weld joint with minimum heat affected zone which is desired. 

2-Keyhole mode: 

This mode is applied when there is requirement of deep penetration in the weld. Since the 

velocity of electrons is close to the speed of light and high energy is concentrated, deep 

sub surface penetrations are possible with EBW process. The quick vaporization of the 
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workpiece takes place due to high velocity electrons producing a hole to be drilled in the 

workpiece material. In this hole cavity, pressure is produced due to quick vaporization 

and sputtering. This causes suspension of liquidus material against the walls of hole 

cavity [26]. The workpiece moves during welding and hole is also advanced with 

workpiece movement in the metal. The molten material layer flows around the beam to 

fill the hole as the workpieces advances and a strong weld joint is formed. The hole and 

following solidifying metal look like an old fashioned keyhole. 

These modes are shown in the Fig 2.20 [26] & 2.21 [27]. The both modes, conductance 

and key hole, have same characteristics such as small heat affected zone and small weld 

joint. The main difference is only that keyhole welding is deep and full penetration 

welding but conductance welding starts with molten pool and penetration is because of 

thermal heat conduction. 
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2.3.3 PROCESS OF PENETRATION 

Penetration of electrons 

To clarify the ability of election beam welding to create deep and narrow welds, the 

process of penetration need to be understood. First of all consider how a single electron 

will interact with the workpiece. 

When electron beam strikes at the surface of the metal, some electrons are reflected back 

called back scattered electrons [19]. But majority of electrons penetrate in the surface of 

the metal and impart all their kinetic energy into the metal particles. Theoretically and 

experimentally it has been verified that they only penetrate very small distance under the 

metal surface. The kinetic energy of electron beam is completely converted into heat 

energy. The distance travelled by the electrons in the metal surface is directly 

proportional to the initial energy of electrons before striking the metal surface and 

inversely proportional to the metal density. Normally this distance traveled is of the order 

of hundreds of a millimeter. 

Penetration of the electron beam.  

The single electron contributes very small heat to the metal under welding. But the high 

voltage accelerates the electron beam. When the quantity of electrons is increased, known 

as beam current, the energy of beam can be extended to any desired value. By 
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concentrating the electron beam to a point on the metal surface, high powers up to 

10
7
 W/mm

2
 can be reached. Now as the electrons transfer all their energy to a point at top 

layer of the metal, the heat at this point reaches to extremely high values and increases 

extremely rapidly. 

 

 

Fig. 2.22 Energy transformation during EBW Process 

 

The energy conversion in the work-piece is schematically shown in Figure 2.22. The 

figure shows that the kinetic energy is not only converted into thermal energy at the point 

of impact but some energy is also released in the form of radiation and dissipation. A part 

of the primary electrons are also backscattered. Some x-rays are also omitted from the 

workpiece. 
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2.3.4 FACTORS AFFECTING THE WELDING PERFORMANCE 

The effect of electron beam depends upon following factors;  

 (1) Beam Power 

(2) Power density (focusing of the beam) 

(3) Welding speed, 

Beam Power – The product of the beam current [mA] and accelerating voltage [kV] is 

known as Beam Power. This can be easily measured and controlled. At a constant 

voltage, the power can be controlled by beam current. 

Power Density – The power density at the point where electron beam strikes depend upon 

cathode size, beam alignment, quality of electric and focusing magnetic lenses, 

accelerating voltage etc. The design of electron beam welding machine determines these 

factors. 

Welding Speed – The speed during welding is determined by the allowable table 

movement limits in the machine working chamber. The relative motion between beam 

gun and work piece table is known as welding speed. 

These three parameters determine the quality of welding process on EBW machine. 

a) Thin surface layer of the metal under welding will only be melted at small power 

density acting for very short time 

b) A defocused beam at low welding speed will not enter into the metal under welding. 

Metal will be heated by conduction from the surface. 

c) At small speed and high power density, deeper penetration and melting zone will be 

observed. At focused and very high power density, penetration will be proportional to 

power and deeper penetration will be observed. 
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2.3.5 STEPS FOR QUALITY WELDING ON EBW 

 

Following necessary step must be ensured for obtaining good quality weld on EBW 

machine 

1. Joint Preparation. 

Work-pieces to be welded must be prepared for EBW welding. Welding bevel is not 

required as filler wire is not used in this process. Face of the metal to be welded must 

be flat and there should be no gap between matting faces to be welded. This is 

because electrons may pass through the gap affecting the weld quality. 

2. Cleaning of work-piece 

Work-pieces must be cleaned from contamination and entrapments. As welding 

process is done under vacuum, these contaminations can produce fumes/gases which 

will reduce the life of cathode. 

3. Fixturing of work-piece 

Work-piece should be positioned on the proper clamping fixture because welding is 

done under vaccum. 

4. De-magnetization of work-piece(if required) 

Fixtures and parts to be welded on EBW machine must be de-magnetized. This de-

magnetization is necessary as the electron beam will be deflected in the vaccum 

chamber. 

5. Setting up work-piece in chamber 

As there is not provision to go inside the chamber due to vaccum, so  work-piece 

must be properly set in the chamber. 

6. Pump down air from chamber 

 

7. Carry welding process 

Now the welding operation can be done on the welding machine. 
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2.3.6 MERITS AND DEMERITS OF EBW PROCESS 

 

Advantages 

1. Small Fusion Zone 

2. Vacuum welding environment results in highly pure weld joints 

3. Heat energy is very low, produced only in the weld zone due to focused electron 

beam. 

4. Many dis-similar metals can be welded on EBW machine and are compatible for 

welding on this machine. 

5. No extra material is added for the welding process. 

6. With a proper parameter setup, it is possible to obtain a very smooth and seamless 

surface finish. 

7. Have better welding properties than many other welding processes. 

8. Results in faster and cleaner welds. 

9. Precise control of heat affected zones is achieved, which is extremely 

advantageous when welding samples with built-in temperature sensitive 

components. 

10. Distortions are minimum in EB Welded joints. 

11. Very small melting zone and heat affected zone. 

12. Large thickness parts can be easily welded at high speeds. 

13. Welding speed is high 

14. No machining is required after welding on the part. 

 

Limitations 

1. Initial equipment cost is very high 

2. Only those pieces can be welded which can fit in the working chamber 

3. Takes time to create vacuum in the chamber. 

4. In some metals, Speedy solidification can cause cracking. 
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2.3.7 EXAMPLES OF EBW WELDING 
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Fig. 2.23 Examples of EBW Welding Process [16-19] 
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CHAPTER 03 

OPTIMIZATION OF WELDING PARAMETERS 
 

 

3.1 DESIGN OF EXPERIMENTS 

 

Enough data must be available before planning of every experiment, so that science in 

any phenomenon can be understood. First trial and error approach is adopted to design 

experiments. 

In this approach, some experiments are performed by trial and error method to get some 

understanding of the phenomenon. The input variables of every experiment are noted and 

response to those variables is also noted. Sometimes these experiments do not give 

positive result and we have to conduct other experiments by changing some input 

variables. Therefore a number of experiments are performed to reach to conclusion and to 

understand the problem phenomenon in a better way. 

 

Design of experiments is a well-planned and much better approach than the trial and error 

approach to obtain good prediction about the input parameters. First of all, the factors 

which are important for explaining the process variation are sorted out by brainstorming 

and previous experience. Then understanding is developed how these factors will interact 

in the process to find out the optimal process performance. 
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3.2 INPUT/PREDICTOR VARIABLES  

 

These are the variables whose effect on response/performance measure are tested in the 

experimentation. These variable are actually process input variables/parameters or control 

factors. These inputs are converted into output/response by means of process. 

 

Fig. 3.1 Process for design of experiments 

 

By brainstorming, the important factors that could possibly affect the output of TIG 

welding are listed. 
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The initial settings of these variables are shown in table 3.1 

 

With high and low values of these variables, 04 experiments were performed to analyze 

the output response as shown in the table above. In these experiments, the weld bead is 

the response variable for good quality weld. For test no 03, welding penetration was very 

good while the test no 04 produced only satisfactory quality weld. The test no 01 & 02 

showed poor weld quality and result was not satisfactory. Even there was no penetration 

in due to low values of current, voltage and other parameters. Quality determining 

parameters of weld bead are shown in figure 3.2 and these are graphed by giving rank 

value from 1 to 5, low to high, value. The visual inspection method was applied to check 

the quality of weld bead. 

    

Fig. 3.2 Initial setting of predictors and Weld quality 

 

The current is very important parameter. It has high values as compared to voltage, speed 

and wire speed. The review of these parameters and there levels is required.  These initial 

parameters were revised and their new low and high values are required for 

experimentation work. 
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3.3 FACTORIAL DESIGN OF EXPERIMENTS  

 

The effect of several factors on a process can be studied simultaneously by factorial 

design of experiments. Varying different factor levels simultaneously rather than one 

factor at a time, saves considerable time and resources in terms of cost, and at the same 

time interaction between different factors can be studies. The screening is done to reduce 

the input variables that affect the quality of product and to focus only on few important 

variables. Two level full and fractional factorial design of experiment approach is used 

for screening the important variables/factors that affect the process response measures. 

The useful information is gathered at relatively small runs per input variable and 

indication is given about the main tendencies to guide for further experiments and 

optimum settings. 

 

Now for the optimal welding parameters, a full factorial model is used in which 4 factors 

and input variables, two levels of each factor are included and in this way it becomes 16 

experimentation parameters. The high and low settings of these four input variables are 

shown in table 3.2. The Minitab software package and Design Expert package are used 

for Design of Experiments and all these values are put in the model. The model designed 

16 experiments with different input variables combinations as shown in Table 3.3 
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3.4 RESPONSE VARIABLE  

The output variables or parameters from the process are termed as Response variable.  

Following response variable is critical and need to be checked in order to see the 

performance of the HSLA steel tensile test sample welded on the above quoted input 

variables. 

Weld Strength: Max tensile strength to be measured on the tensile sample (MPa) 

 

3.5 FIXED PARAMETERS 

The Flat Horizontal welding position was used in this experiment and geometry of joint 

was single V with included angle of 70 degree with 1mm root gap and 1mm root face. 

The DCSP current was used. Mixture of argon and helium shielding and trailing gases 

(25 l/min) was used. 
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3.6 EXPERIMENTAL RESULTS, ANOVA 

The effects of predictor variables upon the response are discussed with respect to analysis 

of variance (ANOVA), regression and optimization applied to test results of tensile 

samples. 

The relationship between input variables and response/output is investigated and modeled 

using the analysis of variance (ANOVA). This was developed by Ronald Fisher to 

interpret the results of agricultural experimentation. The welding process parameters 

which can affect the response of the system are checked and investigated with ANOVA. 

The importance of the welding process parameter is evaluated by percentage contribution 

in the total sum of the squared deviations. 

The significance of the effect of welding process parameter is determined by the F-test, 

named after Fisher. When F-test value is more than 4, then the process input parameters 

are significant and play important role in the output response. 

ANOVA determines the model with respect to following important values: 

- Model F Value & associated probability values to test model significance.  

 - Forecasted/Predicted R-Squared and R-Squared after adjustment (Adjusted R-Squared) 

are reasonably in agreement.  

 - Appropriate Accuracy/Precision (signal to noise ratio) to use model to navigate design 

space.  

 - Testing to confirm on individual terms that they are meaningful/significant.  

The relationship between input predictors and response variable/output is modeled and 

investigated by regression analysis. The regression methods which are used to interpret 

parameters are: the least squares, partial least squares and logistic variables. 

Responses/outputs can be optimized by using the point prediction node both numerically 

and graphically. Desirability is the function that ranges from 0 outside of the limits to 1 at 

the goal. The maximization of this objective function (desirability) is found through 

numerical optimization  

3.6.1 WELD STRENGTH   

The comparison of weld strength is shown in the Figure 3.3 for 16 experiments designed 

above. 
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Fig. 3.3 Weld Strength after tensile testing 

 

 

 

The ANOVA is used to analyze the tensile strength and it predicted the observations 

which are listed in Table 3.5. The analysis shows that input parameters have significant 

effect on the output response. 

 

 

The F Value of Model (8.74) indicates that it is significant model. The probability that 

the F Value is due to noise is only 0.20%. The all the model input variables (terms) are 

significant. 
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In the table 3.5, the current, voltage, speed and trailing all are model terms. This model is 

worthy to navigate the design space. 

The graphs are shown in the figure 3.4 and these graphs represent the effects of altering 

the levels of each setting/parameter on strength of the weld while three other parameters 

are fixed. The strength of the weld decreases with increase of welding current because the 

heat input increases. The strength of the weld decreases with increase of voltage because 

this also increases the heat-input. However the strength of the weld increases with 

increase of speed of welding. 

 

 

 

 

Fig. 3.4 Effects of welding parameters upon Tensile Strength 

The weld strength data is put in the software and the numerical optimization is applied. 

The optimization indicates that in TIG welding of high strength low alloy steel can be 

maximized with the following conditions: the low values of current, low values of 

voltage, high values of speed of welding along with the trailing gas. The optimization 

plot shows the predicted weld strength (762 MPa) at the optimum input 
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variables/parameters 230.00 Ampere current, 10.5 Volt Voltage and 18cm/min speed of 

welding as can be seen in the figure 3.5 

 

 

Fig. 3.5 optimization plot of tensile strength 
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CHAPTER 04 

MULTI-PROCESS WELDING 
 

 

 

INTRODUCTION 
 

Welding is considered one of the most complex manufacturing processes which involve 

number of variables and factors contributing towards the final product. The new 

advancement in welding technology is that multiple welding processes can be combined 

together to achieve the benefits of both welding processes. Some industries have 

successfully applied the laser beam welding process with TIG welding Process. 

 

The multi process welding can be classified in two types 

 Dual Welding Process 

 Laser Hybrid Welding Process 

 

4.1 DUAL WELDING PROCESS 

A dual process is a welding process where two separate weld processes act in a row. First 

one welding process is being carried out, and then the second welding process is done on 

already completed welding process. 

 In this type of welding, main goal is to reduce the Heat Affected Zone (HAZ) and get the 

deep penetrations without having much effect on the properties of work-pieces [20]. It is 

considered that the strength of the dual welded weld-joint can be in between the two 

individual welding processes for the same type of work-pieces. Special applications can 

be achieved for aerospace, high pressure vessels, aircraft industry. 

4.2 LASER HYBRID WELDING PROCESS 
 

Some special steel applications can be achieved, when we combine laser welding process 

and any other welding process.  
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Hybrid welding process can be defined as, the combination of laser welding with any 

other welding process. From this definition we can say that, when laser welding and arc 

welding work together simultaneously in one welding zone affecting and supporting each 

other, it is called hybrid laser-arc welding process [21]. 

We can combine laser welding with other compatible welding processes. Welding 

processes which are compatible with laser welding are MIG (metal inert gas) or MAG 

(metal active gas) welding as well as TIG (tungsten inert gas) or plasma welding [22]. 

Hybrid welding process is the method in which two welding processes act simultaneously 

and welding is done with same molten pool [23]. Two systems will affect each other in 

different ways, depending on the kind of laser or arc process utilized and also on the 

process parameters. 

 

Fig.4.1 Laser Hybrid Welding Equipment (Laser-TIG) [20] 

There are two possible situations; one in which laser welding source move ahead of arc 

welding source and the other in which arc welding source move ahead of laser welding 

source. The two scenarios are shown in Fig 4.2. 
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Fig. 4.2 Schematic of Hybrid Laser Arc Welding process [22] 

 

Fig. 4.3 Graph showing advantage of Hybrid Laser-GMAW process [22] 

 

The advantage of combining arc welding process and laser welding process results in an 

increase in both the depth of penetration and speed of welding as shown in Figure 4.3. 

The metal vapors trying to escape from vapor cavity acts upon the plasma arc. 

Absorption of laser radiation in the arc processing is negligible. The nature of the overall 
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hybrid welding process can be determined primarily either by arc or by the laser, 

depending upon the two power input ratios. The temperature of the metal surface has 

significant influence on the absorption of the laser radiation. Therefore the initial 

reflectance must be overcome before the start of laser welding process especially on 

aluminum surfaces. Pre-heating the metal serves the purpose. In the hybrid welding 

process, the arc provides initial heat to the work-piece, later the laser beam joins in. 

Vapor cavity is formed after the vaporization temperature has been reached and nearly all 

radiation energy without lose can be put into the metal under welding. The total energy 

required is equal to energy for the temperature-dependent absorption and energy lost by 

conduction into the rest of the work-piece. In Hybrid laser MIG welding, vaporization 

occurs from the surface of the work-piece and the filler wire, so absorption of laser is 

more facilitated by extra available metal vapors due to filler wire. 

 

Fig.4.4 Schematic illustration of Laser-Arc Hybrid welding [28] 
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Fig. 4.5 Hybrid Laser-Arc Welded Joint 

Hybrid laser arc welded joint is shown in figure 4.5. Here 13mm weld joint is made with 

hybrid welding process with small thickness weld bead and small Heat Affected Zone. 

4.3 APPLICATIONS OF MULTI-PROCESS WELDING 
 

Through multi-process welding improved weld quality can be achieved at the same time 

along with higher welding speeds. The multi-process welding improves the weld quality, 

affirms weld penetration and reduces thermal distortion of the welded metal. 

Multi-process welding is enjoying ever greater popularity and is currently being used in 

other branches, like rail vehicle manufacturing, crane construction, truck production, thin 

walled cylinders, pressure vessels, and in heavy industry. 

 

The chief benefits of multi-process welding can be summarized. 

 Relaxed tolerance for the joint: for example, hybrid welding can relax the 

tolerance for the joint fit-up by a factor of at least 2-3 over laser welding or greater 

with adaptive control of welding parameters.  
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 Improved weld quality: weld quality can be improved due to reduction in prosity 

with respect to other welds.  

 Increases in welding speed: Hybrid welding shows that considerable increase in 

speed is possible with these processes. 

 The Increase in welding speed and depth of penetration in the work-piece are 

desirable and important. Because reduced heat input results in less HAZ which 

reduces weld distortions. 
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CHAPTER 05 

RESEARCH METHODOLOGY 
 

 

 
INTRODUCTION 

 

This chapter describes practical implementation of multi-process welding procedure. The 

multi-process welding technique is applied to the weld joint and dual welding 

(EBW+TIG Welding) approach is adopted.  In this research work, Electron Beam 

Welding process and TIG welding process are adopted for the welding of HSLA steel. 

HSLA steels are the steels having carbon %age as low as 0.3 ~ 0.5 % [23]. These steels 

can be hardened by heat-treatment (Quenching and tempering). They attain strength by 

quenching and tempering. The major applications include high pressure applications, 

aerospace &aircraft applications, ship building, industrial applications etc. 

The dual welding (EBW+TIG Welding) process differs little bit from hybrid welding 

process, as in dual welding (EBW+TIG Welding) two welding processes are not applied 

simultaneously in the same molten pool. 

A dual process (EBW+TIG welding) is a welding process where two separate weld 

processes act in a row. First one welding process (EBW) is being carried out, and then the 

second welding process (TIG) is done on already completed welding process. After 

welding, heat-treatment is carried out to increase the mechanical properties of the 

samples. 

 

5.1 OBJECTIVES OF RESEARCH 

The purpose of the present efforts was to investigate the dual welding process on HSLA 

steel. The comparison is made, after tensile testing of welded work-piece samples, 

between the mechanical properties of individual welding processes (EBW & TIG) and 

dual welding process (EBW+TIG Welding). We have lot of data published about the 

research done on the individual welding processes such as (TIG, Plasma, laser, Friction 

stir & EBW machines) but very limited data published w.r.t. dual welding process 

(EBW+TIG Welding) 
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In hybrid welding process, two welding processes act simultaneously, and welding is 

done in the same molten pool [23]. Dual welding (EBW+TIG Welding) differs from 

hybrid welding in the sense that two welding processes act in succession i.e. after one 

another. In this dissertation, we selected two welding processes. One is Electron Beam 

Welding (EBW) and the other is TIG Welding process. 

 

5.2. SELECTION OF MATERIAL FOR RESEARCH 

 

High Strength Low Alloy steels offer excellent mechanical properties, and excellent 

resistance to atmospheric corrosion. Major applications of HSLA steels includes 

Aerospace, High pressure applications, Aircraft industry, and Conventional Industrial 

applications. The HSLA steels  have  excellent formability due to  low  carbon  and  the  

percentage of carbon in these steels lie between 0.3-0.5% and the basic alloying elements 

are Ni, Cr, Mo and V [23]. The steel hardness can be increased by heat-treatment cycles 

(Quenching and Tempering). After heat-treatment cycles, these steels may attain strength 

of up to 1800 MPa. Because of carbon and alloying elements, these steels are prone to 

cold cracking phenomenon. Pre-heat is necessarily required for such steels before 

welding. Stress relieving is necessary after welding to prevent cracking. 

The chemical composition of the HSLA steel as provided is as shown in Table 5.1 

 

The chemical composition of filler wire used for welding is shown in Table 5.2 
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5.3 FLOW CHART OF PROCESS 
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5.4 THICKNESS SELECTION 

 

The sheet metal of thickness 4.5 +0.2, -0 mm was selected. Some surface defects and 

scratches were removed with emery flap disc while ensuring the minimum required 

thickness. A set of welding test coupon were processed. This thickness was measured at 

different locations of test coupons and no significant thickness variation is observed. 

 

6.5 EXPERIMENTAL PROCEDURE 

 

5.5.1 PARAMETER FINALIZATION 

Welding parameters are required to be finalized before starting the welding process on 

the actual test coupons. Some plates of metal to be welded were provided to the welder 

for the finalization of parameters. These parameters vary with variation of thickness of 

metal. 

 

5.5.2 PREPARATIONS FOR WELDING 

HSLA steel sheets (base metal) were arranged and were cut by sheering process. The 

chemical composition of sheets was as shown in Table 5.1.  

Test pieces to be welded are prepared for welding. For TIG Welding, welding bevel is 

required as filler wire is used in this process. The same material filler wire is used in this 

work. For EB Welding, Face of the metal to be welded must be flat and there should be 

no gap between matting faces to be welded. This face is machined for this purpose. Filler 

metal is not required in case of EB Welding. All the test pieces are chemically cleaned 

before welding to avoid contamination. The test pieces are de-magnetized before welding 

in EBW machine. 

 

5.5.3 WELDING PROCESS 
We have prepared three types of test pieces: TIG Welded, EB Welded and EB-TIG 

Welded. These are required for the comparison of mechanical properties achieved. All 

these test coupons were stress relieved after each welding process to avoid cracking. 
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Dual welded test coupons, First the test pieces ware welded by EB Welding process and 

later the same welded test pieces was reinforcement welded on Top and Bottom of EB 

welds after proper cleaning and stress relieving.  

                                

                 EB Welded (Top Side)                             EB Welded (Bottom Side) 

 

                             

                 TIG Welded (Top Side)                                    TIG Welded (Bottom Side) 

 

                                  

                 EB-TIG Welded (Top Side)                            EB-TIG Welded (Bottom Side) 

 

Fig.5.2 EB, TIG, Dual welded test coupon specimen 

 

The clamping fixturing arrangement of test coupon on automatic TIG welding machine is 

shown in Fig. 4.3. Similar types of fixtures were used on EBW machines. 



60 

 

 

Fig. 5.3 Automatic TIG welding 

 

The as welded test coupon after welding on machine is shown in Fig. 5.4 

 

Fig.5.4 TIG welded Test coupon after welding on machine 

 

 

 

Clamping 

Test piece 

Torch 
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5.5.4 RADIOGRAPHIC TESTING  

For welding qualification, international welding standards ASME Section IX and British 

standard BS EN ISO 13919-1 are followed for TIG and EB welding respectively. Usually 

for ferrous materials weld quality of EB is higher than TIG due to weld pool formation 

under vacuum, whereas in case of TIG porosity cannot be eliminated completely due to 

shielding gas entrapment. In this work EB-TIG joint was found mostly defect free and 

qualified in Class I (ASME Section IX). All the welds produced by TIG and EB were 

also qualified by Radiography in Class I. 

 

5.5.5 HEAT-TREATMENT PROCESS 

Now blanks for tensile sample were cut from test coupons for Tensile samples 

preparation before heat-treatment because after heat-treatment machining becomes 

difficult as HSLA steels achieve hardness up to 55 HRC. The remainder material after 

cutting blanks is as shown in Fig. 5.5 

 

Fig. 5.5 Remainder of test coupon after cutting of sample blanks 
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Now these tensile sample blanks were processed for strengthening treatment. Hardening 

followed by tempering process was done to refine the mechanical properties according to 

our requirement as shown in Table-5.3. 

 

To achieve the above cited properties, heat-treatment was done as per following 

procedure. 

 

Figure-5.6 : Time Vs Temperature Curve for Hardening and Tempering 

The hardening and tempering was done in accordance with the Time-Temperature curve 

as shown in Figure-5.6. In initial phase the job was shifted in the furnace at room 

temperature. Temperature was raised to 900
o
C in 65 minutes. Then the job was held in 

furnace at 900
o
C for forty five minutes (holding time) and after that job was oil quenched 

for 20 minutes. In 3
rd

 phase the job was tempered at 375
o
C for three hours. The job was 

air cooled after tempering. 
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The mechanical properties of the base metal achieved after hardening and tempering were 

tested latter and were found to be within the level of acceptance as per requirement. 

Normally welded samples as per ASME IX standard are used for weld qualification of 

Boilers and pressure vessels and same sampling standard is adopted for this work 

qualification which gives ultimate tensile strength of the weld-ment in available gauges. 

 

 5.5.6 TENSILE SAMPLE PREPARATION & TESTING  

ASME section IX was followed in this research work for preparation of welded samples. 

After Heat-treatment these rectangular blanks were machined to prepare tensile samples. 

The machined tensile samples were tested in testing lab. The tensile testing machine 

arrangement is as shown in Figure 5.7 

 

Fig.5.7 Tensile Testing Equipment 

 

The machined tensile samples and tested tensile samples are shown in the Figure 5.8 & 

Figure 5.9. The fracture of the tensile sample is from base metal, away from the weld 

bead and HAZ. 

Test 

Specimen 

Grip 

Extensometer 
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Fig. 5.8 Machined Tensile Samples 

 
Fig. 5.9 Tensile Samples after testing 

 

The results obtained after testing are discussed in next chapter. 

 

TIG Welded EB-TIG Welded EB Welded 

TIG Welded EB-TIG Welded EB Welded 
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CHAPTER 6 

RESULTS AND DISCUSSIONS 
 

 

 
INTRODUCTION 

In this chapter, we discussed about the results obtained from mechanical testing the 

samples and a comparison will be made between different welding processes results. 

Further the microstructure of all the samples was checked and discussed. At the end, 

future research topics are suggested. 

 

6.1 COMPARISON OF MECHANICAL PROPERTIES 

The major mechanical properties are Ultimate tensile strength, Yield strength and 

percentage elongation and hardness of the work-piece. All these properties are now 

discussed one by one (As welded and after Quenching and Tempering). 

 

6.1.1 TENSILE STRENGTH 

 

The tensile strength obtained from experiments is mentioned in the table 6.1 

 

Average tensile strength (As Welded) of EB, EB-TIG and TIG is 753, 766 and 535 MPa 

respectively. Average tensile strength (Q & T) of EB, EB-TIG and TIG is 1699, 1728 and 

1650 MPa respectively. 

The standard deviation error bar comparison of the tensile strength (as welded and 

Quenched & Tempered) are shown in Figure-6.1 
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Fig. 6.1 Comparison of Tensile strength STD Dev. Error Bar 

 

6.1.2 YIELD STRENGTH 

The yield strength obtained from experiments is mentioned in the table 6.2 

 

Average yield strength (As Welded) of EB, EB-TIG and TIG is 522, 548 and 498 MPa 

respectively. Average yield strength (Q & T) of EB, EB-TIG and TIG is 1382, 1390 and 

1353 MPa respectively. 

The standard deviation error bar of the yield strength (as welded and Quenched & 

Tempered) are shown in Figure-6.2 
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Fig. 6.2 Comparison of Yield strength STD Dev. Error Bar 

 

6.1.3 PECENTAGE ELONGATION 

 

The %age elongation obtained from experiments is mentioned in the table 6.3 

 

Average %age elongation (As welded) of EB, EB-TIG and TIG is 16.6, 16.5 and 16.3 

respectively. Average %age elongation (Q & T) of EB, EB-TIG and TIG is 11, 10.9 and 

9.9 respectively. 

The standard deviation error bar of the %age elongation (as welded and Quenched & 

Tempered) are shown in Figure-6.3 
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Fig. 6.3 Comparison of Elongation STD Dev. Error Bar 

 

6.1.4 HARDNESS 

 

The Hardness obtained from experiments is mentioned in the table 6.4 

 

Average Hardness (Q & T) of EB, EB-TIG and TIG is 49.5, 50.7 and 50 respectively. 

The hardness of Base metal was 20 HRC. 

The standard deviation error bar of the hardness (as welded and Quenched & Tempered) 

are shown in Figure-6.3 
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Fig. 6.4 Comparison of hardness STD Dev. Error Bar 

6.2 MICRO-STRUCTURE ANALYSIS 

6.2.1 TIG WELDED SAMPLE 

 

Fig. 6.5 Micrograph of TIG welded Sample stress relieved (50 X) 

Weld 
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Carbon 
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6.2.2 EB WELDED SAMPLE 

 
Fig. 6.6 Micrograph of EB Welded Sample Stress Relived (200X) 

 

Fig. 6.7 Micrograph of EB welded Sample Quenched & Tempered (50 X) 
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Fig. 6.7 shows the micrograph of electron beam welded sample after quenching and 

tempering. Very fine martensitic structure is visible in conical shape EB welded zone as 

compared to base metal. Micro hardness measured which is 51.3 at EB region almost 

same as that of base metal which is 52 HRC. Melting pool is very sharp due to very small 

beam diameter, high power density (in mw) and fast feed rate. 

 

6.2.3 EB-TIG WELDED SAMPLE 

 

  
 

       Fig. 6.8 Micrograph of EB-TIG Welded Sample Q&T (50X) 

Figure 6.8 shows the quench tempered micrograph of EB-TIG welded sample. Tempered 

martensitic structure is observed throughout the sample both in weld zone and base metal. 

The interfaces of EB-TIG weld zone and base TIG / EB weld zone is distinct. In the 

upper and lower TIG welded region coarse tempered martensitic microstructure is 

observed. Whereas the center weld region fine martensitic structure is formed as 

compared to base metal due to high welding speed (3 times) as compared to TIG welding. 

Micro-Hardness measured in EB welded region is 53.5 same as that of base metal (54), 

however in TIG welded region, hardness is 49.5 slightly lower than base metal due to 

EB 

weld 

zone 

TIG 

weld 

TIG 

Weld 
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Metal 
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coarse martensitic microstructure. EB welded zone is reduced from 4.5 mm to 3.1 mm 

due to TIG welding on both sides of EB welded zone. 

 

Fig. 6.9 Micrograph of EB -TIG Stress Relieved welded sample (50 X) 
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6.3 DISCUSSIONS ABOUT THE RESULTS 

 

The results obtained from the experiments are compared with respect to mechanical 

properties (both as welded and quenched and tempered). It is clear from these results that 

EBW Welding Process and Dual welding (EBW+TIG) process have almost the same 

results, though the dual welding (EBW+TIG) process shows small lead in the results with 

respect to tensile strength, yield strength, percentage elongation and hardness. Only in 

one or two cases the EBW welding process results are higher than dual welding 

(EBW+TIG) process. The results of dual welding (EBW+TIG)  with respect to other two 

welding processes (EBW & TIG) are positive in the sense that before experiments, we 

thought the EB welding process might have better results than dual welding (EBW+TIG)  

process. Special applications from dual welding (EBW+TIG) process can be achieved for 

aerospace, high pressure vessels, aircraft industry. 

The TIG welding process, though passed the laid criteria for qualification, yet the results 

have lower value than the other two processes. This was also expected from the 

beginning that TIG welding process will show low properties with respect to other 

processes. This was because of the large Heat Affected Zone, large Fusion Zone and 

stress concentration. These factors contributed and degraded the mechanical properties of 

the TIG welded test sample. 

 

 

6.4 FUTURE RESEARCH PROPOSALS 

 

The comparison of mechanical properties of Dual welded and Hybrid Laser-TIG welded 

tensile samples. Fatigue analysis and life prediction of dual or hybrid weld joints has 

become more important and is the subject of ongoing research. 
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