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Abstract

In electron Beam Welding, a beam of high energy electrons is accelerated through a high
potential so that we can use its kinetic energy in the form of heat energy to join the materials.
Electron Beam welding is used for welding both similar and dissimilar materials which is a big
positive of this method. In this research, investigation has been carried out to study the
mechanical properties of AISI 321 stainless steel joints by Electron Beam Welding. Orthogonal
experiment was performed to study the special effects of different process parameters and weld
type on the tensile strength of the joints, and the process parameters were optimized. Four
different independent process variables were varied in the experiment and L9 (3%) orthogonal
array was made. Analysis of variance (ANOVA) was applied on these results to find out the
effect of each independent variable and how much each variable is influencing the end results.
Profile hardness was also carried to study the effect of welding on base material. The tensile
strength, weld depth, weld width, heat affected zone and fusion was calculated for three different
types of welds. Mold of Samples was prepared and was studied under high resolution
microscope. Radiography of the welded samples was also carried out to verify the proper fusion,
presence of cracks and porosity in the welded area. The thickness of SS 321 sheet used was

2mm. The optimum process parameters were calculated for electron beam welding.

Key Words: Electron Beam Welding, ANOVA, Heat affected zone, Radiography.
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CHAPTER 1: INTRODUCTION

1.1 Background

The requirement of new products having high strength to weight ratio in industries like
automobiles, aerospace, nuclear, missile etc. have introduced new dimensions to material
science. This has resulted in demanding condition to meet the current requirements of advanced
materials which have to be developed but also, equally as important, the modern joining
techniques to keep pace with the requirement of modern advancing technology. In modern era,
various metal joining techniques are used which are conventional as well as non-conventional.
The basic principle is to melt the metal by providing heat energy in various forms. This molten
metal then solidifies to form the joint. The requirement of filler metal depends upon the type of
welding as in some cases filler is sued while in modern metal joining techniques, we do not
require any filler metal. The welding process is dependent upon the heat source and the
efficiency of that source as it plays a decisive role in defining the weld geometry (shape and
dimensions of weld bead). Welding process is linked with heat losses, which is minimum in
electron beam welding as energy efficiency associated with this process is between 60 and 70 %
[1]. Figure 1.1 depicts some of the relationship between different types of weld heat inputs when
a butt joint is made. Here, electron beam welding having a high density heat input produces a
narrow weld bead which is accompanied by minimum deformation caused in the work piece as

compared to TIG, MIG and plasma welding, due to which post weld finishing can be reduced.

TIG welding laser welding

MIG welding /

plasma welding

electron beam welding

Figure 1.1: Relationship between heat input of different types of welding.



1.2 Types of Welding

There are various types of metal joining techniques.

1.2.1 Electric Arc Welding

In the earlier 19th century, the first arc welding process was developed and it became significant
throughout the world as it was readily used in the ship making industry during the World War 1I.
Now a days, it is used in joining of vehicles and steel readily. In this type of metal joining
technique, heat energy is provided by the electric energy creating an electric arc between the
electrodes (electrode can be consumable or non-consumable) and base metal which melts the
metal and are joined in this way. The power supply can either be DC or AC depending upon use.
The temperature during arc welding is very high due to which there is every possibility of
oxygen from the atmosphere reacting with the base metal and produce oxide which is brittle in
nature and is harmful for the weld strength. For this purpose, a protective slag or a shielding gas
is used which reduces the direct contact of molten metal with air. This process can be performed

manually, automatically or semi-automatically.

Direction of /—- GTAW head

Power
Shielding gas

Contact tube

Tungsten electrode
(nonconsumable)

Electrical arc 4 Weld bead

Copper shoe

(optional) Shielding gas

Figure 1.2: Electric arc welding

1.2.2 TIG Welding

Tungsten inert gas (TIG) welding also known as GTAW (Gas tungsten arc welding) is a type of

arc welding which uses electrode made of tungsten to join the metals. The main attribute of this



welding is that electrode used in welding process is non consumable. To protect the electrode
and metal being joined from oxidation and to improve the quality of weld, an inert gas (Argon or
helium) is used which shields the welding area from atmospheric contamination. A power supply
providing a constant-current for welding provides electrical energy, which is conducted through

the arc across a zone which is composed of ionized gas molecules and molten metal and vapors

6. Cooling Water Drain
T
/

_—u 7. Gas supply

known as plasma.

TIG - Welding

1. TIG Torch

2.Gas Nozzle = —

3. Tungsten Electrode =

—#& 8. Cooling Water Supply

4. Filler Material

—a 9. Arc

5. Workpiece

Welding Direction

Figure 1.3: Tungsten Inert Gas welding

1.2.3 MIG Welding

Metal inert gas welding (also known as gas metal arc welding GMAW) is the type of welding
which is equipped with continuous supply of solid wire electrode. An electric arc is produced
between the electrode and the metal work piece, due to which heat is produced which in turn
melts the metal and joining process (welding) takes place. The electrode used in MIG welding is
consumed during the welding process and this is the main difference between GTAW and
GMAW. The similarity between GTAW and GMAW is that in both processes, a shielding gas is
used which protects or shields the weld from the atmospheric contamination and oxidation which
can be detrimental to the weld strength. Initially, GMAW was used for the welding of aluminum.
GMAW is an important welding process through which we can achieve high deposition rates and
greater production.


https://en.wikipedia.org/wiki/Current_source

Solid wire

(a)

Shielding gas
Current conductor

Travel

Wire guide and
contact tube

Nozzle

Shielding gas —
Arc

Solidified
weld metal

Molten weld
metal

Figure 1.4: MIG welding

1.2.4 Laser Beam Welding

In conventional welding processes, a common problem existed known as “melting efficiency”.
Melting efficiency means that while welding of metals having high thermal conductivity, a large
amount of heat was conducted away from the desired welded region at a very high rate. This
resulted in low efficiency and high heat input. Melting efficiency is used to express the amount
of heat actually used for welding process. In typical arc welding process, the melting efficiency
falls below 50 %. However, in beam welding, this melting efficiency approaches 100 % as they
use localized heating. Laser beam welding has attracted the eye of industry due to its promising
results by producing welds of high quality and ultra-precision, reduced the distortion in metals
being joined. In laser beam welding, an intense beam of high energy laser is directed on the work
piece. It is basically a fusion welding process in which concentrated source of heat is produced
by laser beam, which is focused on the work piece. The cavity between the two metals being
joined has to be minimum as the diameter of a well-focused beam is very small. If we compare
laser beam welding with arc welding, then the former is known by its high energy density,
localized heating and ability to produce distortion free (with minimum distortion) joints. One of

the main advantages of laser beam welding is that it can be performed in the absence of vacuum.
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Figure 1.5: Laser Beam welding

1.3  Electron Beam Welding

Electron beam welding is a modern form of welding process which do not require any filler

material.
1.3.1 History

The history of electron beam traces back to the discovery of electrons with experiments
conducted by Hittorf and Crookes in an attempt to produce the cathode rays in 1869. The
discovery of these fast moving rays known as cathode rays then led to the discovery of particular
type of rays which were later named as electrons. Initially, at that time the heat which was
produced due to the collision of electrons was considered very harmful as there was no process
invented at that time to use this thermal power to the useful effect.

The first apparatus which was built to use this thermal effect for the useful purpose was by
Marcelo Von Pirani. He melted tantalum powder using heat produced by electron beam. Later
on, as the time progressed, this technique was also used for drilling purpose, oscillographs, and

microscopes. The main issue aced at that time was of vacuum.



In the year 1952, a new era began in the history of physics when Dr. h.c. Karl-Heinz Steigerwald
was able to build the first electron beam machine. He was looking to use these rays for the
production of high power electron microscope. The experiments conducted by Dr. H.C. Karl-
Heinz Steigerwald in which he used beam of electrons as source of thermal power for drilling
watch stones and also for the soldering purpose, melting the metal and joining them under
vacuum were very encouraging and this growth gathered speed at once.

After the discovery of electron beam processing machine in the year 1952, he was able to weld a
5 mm thick zircaloy and in the process he was able to find out that we can produce deep
penetration welds with this technology. In the year 1963, he became the founder of the company
named Steigerwald Strahltechnik GmbH, which manufactured high quality electron beam
welding machines.

The use of electron beam welding has increased very rapidly worldwide after the invention of
this technology. The use of this technology in the nuclear and defence production has increased

its worth. It is also used in the field of medicine, aviation, automotive and railways etc.

High letage']tab!n

Electron
Gun ——

Gun
Diffusion
Pump

___ Deftection/Focus
Coils

Vacuum Chamber

Figure 1.6: Electron Beam Welding Machine



1.3.2 Process

In electron beam welding, a very intense beam of electron is emitted from a cathode which is
accelerated towards cathode by applying a very high potential. This beam is then focused using
an electromagnetic lens on the work piece. The basic principle of electron beam welding is to
convert the kinetic energy of high speed electrons into thermal energy which in turn is used to

melt the metal.

Figure 1.7: Electron Beam Welding

A comprehensive comparison between electron beam welding and other metal joining processes

is presented in the table 1-1. [2]



Table 1-1: Comparison electron beam welding and arc welding of stainless steel having 150 mm

thickness.
Welding Process
Parameter Electron Beam | Narrow gap Narrow gap SAW
Welding GMAW SAW
Current 0.27 A 260 A 650 A 510 A
Voltage 150 KV 30V 30V 28V
Groove area 800mm? 2100 mm? 4900 mm? 5900 mm?
No of passes 1 35 81 143
Filler metal 0 23 Kg 54 Kg 66 Kg
Melting
efficiency 7.7 Kg/h 5 Kg/h 13 Kg/h 9 Kg/h
Welding time 27 min 4h 35 min 4 h 11 min 7 h 27 min

1.3.2 Components of Electron Beam Welding Machine

A schematic diagram consisting of major components of electron beam welding machine is

shown in figure 1.8.

400 Volt,3 Phase
AC supply

Power
Supply

High voltage cable High and low vacuum gauges Electronic
i Meodules
Electron Gun +——] ()] |
Oil filled high voltage Insulator ~——— ] \IJ Gun Vacuum .
Grid Cup  +«—«—— () System
Anode ~——— ™ ds —.——- Exhaust
Relay Logic
Beam aligning coils :E / PLC System
Shutoffvalve «——@mm |(_ |~~~ T T T T T T
Focusing coil «——
Static & dynamic deflection coil «——— /1
Aperture ‘—‘—_I_

Figure 1.8: Electron Beam Welding Schematic diagram



In Modern era, variety of electron beam welding machine are available depending upon the use
and requirement. These machines are categorized based upon their size, chamber dimensions,
vacuum range, work piece diameter, linear displacement of work piece, angular speed, fixed or
movable gun, non-vacuum or high vacuum, medium vacuum, beam deflection system etc. The
major components of electron beam welding machine are [3]:

% Working chamber

% Manipulators

% Vacuum pumps

% Electron beam generator

% Gun pumping unit

% High voltage generator

%+ Grid power supply

% Filament power supply

% Controllers

% Cooling system to maintain temperature

% Pneumatic system

The modern Electron beam welding machines consist of a triode system for the generation and
control of electron beam. A cathode which emits the electrons, cup which controls the flow and
anode which accelerates the electrons. The source of electron in electron beam welding machine
is a tungsten filament (cathode). This cathode is usually made of a tungsten alloy and is coated to
increase its working life. Normally, the life of cathode is 20 working hours. With the passage of
time and by emission of electrons the surface of cathode gets worn out and becomes brittle (Fig
1.8). Electric energy is provided to this filament due to which its temperature increases and
results in thermal emission of electrons. So we have a sea of electrons at the tip of the filament
which is ready to be bombarded to the work piece. It is important to control the flow of these
electrons so that they do not move haphazardly inside the electron gun. A grid cup is used to
control the flow of these electrons having a special shape to control the movement. The
requirement of new products having high strength to weight ratio in industries like automobiles,
aerospace, nuclear, missile etc. have introduced new dimensions to material science. This has
resulted in demanding condition to meet the current requirements of advanced materials which

have to be developed but also, equally as important, the modern joining techniques to keep pace

9



with the requirement of modern advancing technology. In modern era, various metal joining
techniques are used which are conventional as well as non-conventional. The basic principle is to
melt the metal by providing heat energy in various forms. This molten metal then solidifies to
form the joint. The requirement of filler metal depends upon the type of welding as in some cases
filler is used while modern metal joining techniques do not require any filler metal. The welding
process is dependent upon the heat source and the efficiency of that source as it plays a decisive

role in defining the weld geometry (shape and dimensions of weld bead).

3182 150x 20KU = 100) i

Figure.1.9: Emission surface of strip cathode torn by ion bombardment

The welding process usually takes place in vacuum, for this purpose a vacuum chamber is there
having very high vacuum. The work piece is placed inside this chamber. A control unit is placed
outside the chamber which is used to regulate the beam current and high voltage.

10



1.3.3 Principle of Electron Beam Welding

Electron is a very light particle and its mass is 9 X 107! Kg and it is 1836 times lighter than
proton. The most important thing is that it carries an electric charge, having magnitude of 1.6 X
1071°. This feature of having a charge makes it important because it makes possible to accelerate
the electrons at such a high speed that they attain enough kinetic energy which is used melt the
metals. Electric charge also makes it possible to deflect the electron using an electric or magnetic
field to produce the desired the results. In a typical electron beam welding machine in which
welding is done under a high vacuum and has high voltage 150 KV, the electrons reach a speed
up to 2 X 10 8 m/s, or in other words we can say that electrons reach a speed up to two third
speed of light which imparts high kinetic energy to these electrons. These electrons strike the
work piece with high velocity and give up their kinetic energy [4]. The relationship between

accelerating voltage and speed of electrons is given in figure.1.8

Speed of light

N

Electron speed m - s '
=
\

N NI |
N N5 O Y
100 2 4 10" 2 4 102 2 4 108 2 4 104 2 4 105 2 4 106
Accelerating voltage V

Figure.1.10: Relationship between accelerating voltage and speed of electrons.
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From classical point of view, the collision of these high speed electrons cannot transfer their
energy directly to the lattice atoms having mass M, rather this energy is first transferred to the
outer electrons having mass m, the ratio K of the electron energy transferred to lattice electrons
and energy prion to collision is given by [5].
K= 2Mm
(M +m)?

When electron beam is bombarded on the work piece, it interacts with the electrons and the
atoms of that element due to which following emissions take place [6].

++ Back scattered electrons

RS

% Secondary electrons

X/
°

Auger electrons
« X-Rays

% Fluorescence

X4

Radiations due to heat

L)
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Figure.1.11 Electron beam interaction with lattice electrons

A very high temperature can be attained with electron beam welding because the lattice electrons
transmit the vibrational energy to the total lattice which results in high amplitude of vibration
which in turn increases the temperature of work piece. The temperature is increased to such a
level that the melting point is reached and material starts melting and even evaporates which

allows the beam to penetrate deep into the work piece and carry out deep welds. The extent to
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which a beam penetrates into a work piece depends upon the power density of beam, the total
power applied to the beam and also the work piece (elements, thermal conductivity etc.) When a
high power electron beam is penetrated into a metal piece, plasma is produced due to ionization
and evaporation of the elements present in the metal takes place due to which the positive ions
produced and electrons are used for focusing purpose in order to maintain high electron density

in the beam.
1.3.4 Heat Input from Electron Beam

We can calculate the heat output produced by an electron beam.

lelectron volt = 1.6 X 102 erg,

1erg=2.39 X 1078 Cal,

1 electron volt = 1.6 X 102 X 2.39 X 108,

1 electron volt = 3.7 X 10° cal.

When accelerating voltage is 150,000 V or 150 KV, energy of each electron
3.7X10%°X 1.5 X 10°

5.56 X 10 Cal,

1 A 6.28 X 108 electrons/sec,

0.01 A = 6.28 X 10%® electrons/sec,

Beam energy = 6.28 X 101X 5.56 X 10%°

=349 Cal/sec.

So, if we have a beam of 0.01A accelerated through a potential difference of 150 KV, it carries
349 Cal/sec of energy. [7]

1.3.5 Keyhole Formation

The power density of electron beam is very high. The beam having density higher than 10°
W/cm? transmit their energy to the work piece so rapidly that the metal melts even before it can
transfer the energy by conduction and even evaporates when heated further and turns into super-
heated vapor. At high temperature, the vapor expands and moves in upward direction due to

which the molten envelope in pushed downwards. A depression is formed which allows the fresh
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electrons to strike metal deep and forms a keyhole is formed having superheated vapor in the

center and molten envelope in the surrounding.

Welding joint Melting at the Formation of Keyhole & its Weld Joint after
before welding impact point Keyhole molten envelope complete
have penetrated the solidification
workpiece

Figure.1.12: Formation of keyhole

Due to formation of this keyhole, electron beam welding can penetrate through the work piece
even if the piece is several centimeters thick. For the formation of the keyhole and to keep the
keyhole open to permit the transfer of energy required for welding process, various forces must
interact. It is due to this feature that we can weld from 0.01 mm to 250 mm thick steel plates and

up to 500 mm of aluminum [8]. These forces are shown in figure 1.11.

Electron Beam

Face of Butt
Joint
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Solidified Fusion 5 2 «
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Figure 1.13 The major forces present in the keyhole for deep penetration of electron beam
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F1 = Vapor Pressure

F2 = Force resulting from surface tension
F3 = Hydrostatic pressure

F4 = Frictional Force

F5 = Weight of the molten metal

1.3.6 Energy Generated by Electron Beam

In order to calculate the beam energy, we make use of the following equation.

P=1xV (1)
If we take the beam current to be 5 mA and use accelerating voltage 100 KV, then
| = Beam current =5 mA or 5 x 102 A
V = Accelerating voltage = 100 KV = 100 x 10% V
Putting these values into equation (1)
P=5x10%x100x 10°

P =500 Watt (J/sec)
To calculate the energy, we use the value of welding time. If welding time is 10 sec, then energy

generated will be
Ec = P x Welding time

Welding time = 10 sec
Ec=500x 10
Ec =5000J or 5 KJ
So, at 100KV, 5mA and 10s welding time, the electron beam generates 5 KJ of energy.

Ultra high energy density beam

Welding direction

-

=Y
| _1-——""% Ny - |
Mo e ‘~\\‘ _":
\L.j_’l"ﬁi Back bﬁeggj e

Figure 1.14: Energy transferred by EBW
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1.3.7 Energy transferred to work piece (ET)

To calculate the energy transferred to the workpiece, we make use of following equation:

Efficiency = {(ET) / (Ec)} x100

Er = Energy transferred to work piece

Ec = Energy generated by the source

For EBW, efficiency = 80-95 %

Taking efficiency= 80%

80= (E/5) x 100

Er=4KJ

Energy transferred to work piece during welding = 4 KJ

1.3.8 Energy required for melting of unit volume (Um)

Um= K x Tm?

Um= Energy required to melt unit volume (J/mm?3)
K is constant = 3.33 x 10 for Kelvin scale

Tm = Melting point of material

(For steel Tm= 1435°C or 1708 K)

Um= 3.33 x 10°° x 17082

Um=9.71 J/mm?

9.71 J of energy is required to melt unit volume of Steel.

1.3.9 Advantages of electron beam welding
e Deep penetration welding
¢ High depth to width ratio

e High welding speed

e | ow distortion
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No filler or additional material

No post weld cleaning

Weight saving

Welding of dissimilar material

No oxidation of welded joint.

Variable working distance.

No edge preparation.

High power density

Inertia free oscillation of electron beam

Computer monitoring

1.3.10 Disadvantage of electron beam welding

Difference of melting point in dissimilar metals
Vacuum environment

High cost

High accuracy for jobs preparation

Brittleness due to rapid solidification

High vacuum time for large chambers

High maintenance cost
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Chapter 2: Literature Review

Electron beam welding is a useful and multipurpose metal joining technology. We can weld
different grades of steel with the help of this technique. Even refractory metals such as
molybdenum, tungsten and niobium, which are very difficult to weld by conventional welding
techniques can be welded by electron beam welding. Dissimilar metals have also been joined
using electron beam welding. Even with such a versatile welding technique, every metal cannot
be joined and there is a limitation which is due to difference in chemical composition, coefficient
of thermal expansion, thermal conductivity, solidification properties etc. [8]. To find out which
material can be welded with one another, Figure 2 gives the possible combinations of materials
[9]. Electron beam welding is characterized by high power density and a very efficient welding
process as most of the heat input is used for welding purpose. Due to rapid solidification and fast
rate of cooling (10° Ks™) associated with electron beam welding, convex reinforcement is
observed. This reinforcement also occurs due to alteration in density of base material and the
molten weld pool. Normally single pass weld is used for welding process, but it has a drawback
of uneven and undue reinforcement having detrimental effect to the weld. Lack of fusion and
porosity in weld zone is also observed due to these factors. These issues can be resolved if
multiple pass weld is performed and weld quality is improved [10].
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Figure 2.1: Weldability of materials by using EBW

2.1 Effect of Accelerating Voltage

In recent research, the accelerating voltage has been proved to be a major factor in intensification
of kinetic energy [11], it also effects depth of welding directly [12]. By increasing the
accelerating voltage, the beam focus is also affected and if beam is properly focused, the spot
diameter is reduced impinging the beam on work piece with greater intensity [13]. It is also
verified that by increasing the accelerating voltage of electron beam welding machine, emission
of electron from tungsten filament is also enhanced which results in reliability and steadiness of
beam [14].The effect of increasing the accelerating voltage on melt pool and melt volume is also
studied and found that there is a direct relation between accelerating voltage and melt volume
[15]. The increase in kinetic energy of electron beam is also observed which also causes upsurge
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in the melt volume. One of the few limitations of electron beam welding is it cannot weld
magnetic materials, as electron being a charged particle is deflected in magnetic field and hence
we cannot focus the electron on the work piece even by increasing the beam power or
accelerating voltage [16]. The heat produced in electron beam welding is localized if the beam is
well focused on the work piece which is the main strength of EB welding as the increased
voltage imparts high kinetic energy to the charged electrons, but the drawback associated with it
is closes tolerances have to be maintained during machining for EB joints as even 0.1 mm gap is
very high and cannot be accepted for welding. [16]

2.2 Effect of Welding Speed

The welding speed is an important parameter in electron beam welding and plays vital role in
strength of joint. Different speeds have different effects on weld geometry and shape of weld.
The welding speed can be varied both in linear welds as well as circular welds. Welding speed
affects the joint formation and the heat affected zone. If the welding speed is decreased, there is
an increase in heat affected zone as the heat input is increased (Q=VI/S, where Q is heat input, V
is accelerating voltage, | is beam current and S is speed) and also the melt volume is increased
which results in increase in fusion zone and also the grain size is increased [17]. The shape of
weld also changes as we play with the welding speed. The weld width is inversely proportional
to the welding speed i.e. if we decrease the welding speed, weld width is increased as the heat
input is amplified and vice versa [17]. In this way we can achieve grain refining by optimizing
the weld speed. Fatigue properties of joint is also improved by optimizing the weld speed (29%
increase was observed) [17]. If the welding speed is kept high, little distortion takes place in the
work piece and it also reduces the heat affected zone [18]. Electron beam welding has the quality
of reproducing the results by repeating the test runs number of times. If welding is carried at the
same parameters and there is no change in accelerating voltage, beam current, weld speed, focal
distance, joint type, material etc. then we can have same results by repeating the weld number of
times, also electron beam welding machines having power of more than 60 KV produce X-Rays
due to inner shell transition. For this purpose, these machines are lead cladded (both gun and
chamber) to prevent the emission of X-Rays and to protect workers from direct exposure to these
harmful X-Rays [18].
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2.3 Focusing

Electron beam is emitted from tungsten cathode and is accelerated towards the work piece by the
application of high accelerating voltage. This beam after passing through annular anode moves
towards the work piece. If we strike the beam on work piece in this condition, the electrons will
be scattered and their energy will not be confined at a single spot. Hence it cannot be used to
melt the material and welding process cannot be achieved. To overcome this problem, an
electromagnetic lens (focus lens) is used which converges the beam and points it at the work
piece. Siddaiah [19] et. al studied the effect of focusing on weld profile of AISI 304 and found
that the weld profile is deeply affected by change in focusing current and hence the focus point.
The weld geometry which includes the weld depth, width, beam width and heat affected zone
depends directly upon the focusing current. To achieve high quality weld, focusing plays an
important role. To achieve a deep and high quality weld, weld speed and focusing are very
important [20]. Effect of change in focus current can be illustrated in Fig. 2.2.

S5-304
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i

Above Focus (SF+1) Surface Focus (SF) Below Focus (SF-a)

Figure 2.2: Effect of change in focus current
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2.4  Standardization

In modern metal joining techniques, the processes which are not direct under manual control like
electron beam welding, there is a requirement to establish certain machine parameters and
operator manuals as well as qualification standards which covers variety of issues related to
electron beam welding. ISO standard 14744 [21, - 26] is based on welding parameters,
inspection and weld qualification. The standard ensures that electron beam weld produced are of
high quality. The results are consistent and repeatable during the same operating conditions. The
standards take care of machine parameters including high voltage, beam current generation,
value and uniformity of beam current, speed of welding and electromagnetic lens current used to
focus the beam and specify the deviation in their values both for short term operations as well as
long term use. Accuracies regarding run-out of the job is also addressed in these standards. The
ISO 13919 is the standard which covers the levels of imperfections in electron beam welded
joints made by stainless steel. The selection of standard should be based upon the design
considerations and end requirement of the object. The basic requirements and guidelines for EB
welding are given in EN 1SO15609 standard [27].

The weld produced by electron beam welding technology can be qualified by using the some
basic principles which are given as follows:

1. Based on previous welding experience [28]

2. Following an internationally accepted welding procedure [29]

3. Using results achieved from pre-production trials [30]

4. Adopting welding procedure test [31]

Another factor which plays a vital role in EB welding is the skill level of operator and is valued
worldwide and their level of competence and minimum requirements are described in
international standard 1SO 14732 [32]. Both the international standards as well as
recommendations made based upon experience are very important and useful in development of
electron beam welding technology. The famous welding society across the world is American
Welding Society (AWS) [33] and another well recognized is Deutscher Verband- German
Welding Society [34]. A few standards in the field of electron beam welding process are given in
the table 2-1.
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Table 2-1: Standards of Electron Beam Welding Process

S.No | Standard Title Scope
Specifies requirements for acceptance inspection of
. SO 14744 Welding. Acceptance inspection of | electron beam welding machines 2 EN 1011-7
electron beam welding machines Welding. Recommendations for welding of metallic
materials Part 7: Electron beam welding
Welding. Recommendations  for _ _ _ _ ]
) ) ) Details on quality requirements, production welding
2 EN 10117 | welding of metallic materials Part 7: o - _
_ facilities as well as the weldability of some materials
Electron beam welding
) _ ) Defines comprehensive qua