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Abstract

Electron beam welding (EBW) is a joining process that has been widely applied in many
modern industrial sectors. However, in order to achieve a satisfactory welding quality for a
given material and configuration, a trial-and-error approach is usually adopted before moving
to the final production. This procedure is often wasteful, time consuming and expensive when
the raw material is at high cost, and greatly relies on the operators’ personal experience. To
enable a ‘smarter’ welding process and reduce the inconsistent human factor, this PhD study
is to develop a novel method based on statistic modelling, numerical modelling and artificial
neural networks to predict the weld profile, which is the main criterion for assessing the
welding quality. The models are set up with electron beam characteristics collected through a
4-slits technology to determine the actual focal spot size and power density, therefore the
uncertainty caused by beam variation can be reduced. Multi-influences caused by electron
beam, machine parameters and process environment are considered, and the predictions cover
a wide range of linear beam power ranging from 86 J/mm to 324 J/mm. Finally, a novel
simulation tool for predicting electron beam weld shape has been developed with assistance
of a 4-slits beam probing technology to reduce the amount of manual work traditionally
needed to achieve high-efficiency and high-quality welding joints. Validated by experimental
results, the model is able to predict the weld profile with high accuracy and reliability for
both partially and fully penetrated welding situations. By combining the numerical model and
artificial intelligence, a weld-profile prediction system is to be integrated in current EB

welding machines to allow a less-experienced operator to achieve high welding quality.
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Chapter 1 Introduction

This chapter covers the research backgrounds, tasks of the PhD research, and layout of this
thesis. A brief introduction of electron beam welding technology with its main barriers is
given. The strengths and weaknesses of electron beam welding compared with other main
joining methods are discussed. The methods to overcome these barriers are briefly described

in this chapter.

1.1 Electron Beam Welding Technology

Since the first electron beam machine was developed in 1958, the electron beam welding
(EBW) technology has been widely adopted in engineering and industry over the past 60
years [1]. The principle of EBW is that the electrons are accelerated by high voltage with
high kinetic energy, and then these accelerated electrons bombard the surface of workpiece,

transferring the Kinetic energy to heat, melting the metals, and joining separated parts.

Fig. 1 illustrates a typical configuration of EB machine. The key components of EB machines
usually include cathode, control electrode, anode, focusing lens and beam deflection system.
When a high current occurs though the cathode, the electrons will escape from the metal
surface and then be accelerated by the anode. The quantity of electrons and beam direction
could also be adjusted by the control electrode. The function of focusing lens is to keep these
electrons hit at a small spot on the workpiece surface. At last, the beam deflection system

could slightly change the beam direction and conduct some required welding trajectories.
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Electron beam welding is a promising joining technology for high quality and high value
manufacturing, which has been widely applied in aerospace engineering, nuclear industry,
automotive engineering, shipbuilding industry and heavy machinery manufacturing, etc.
Similar to laser beam, the electron beam is a kind of high energy beam and can be adjusted to
meet the requirements of different processing situations [1], as shown in Fig. 2. When the
power density is under 10* W/cm?, the beam can be used for metal surface treatment. As the
power density is between 10* W/cm?and 10° W/cm?, the beam is powerful enough to melt the
metals and realise conduction welding. When the beam power density is over 10° W/cm?, the
beam can generate a keyhole inside the molten pool therefore the weld bead can be deep and

narrow, which is called deep penetration welding [2].

Cathode
Control
electrode
Anode
| ] | |
Electron
beam
Focusing
lens
/ E 1 D
-
Beam deflection
system
Workpiece

Fig. 1 Typical EB machine configuration diagram.



Chapter 1 Introduction

Beam power < 10 W/cm? Beam power < 10° W/cm? Beam power > 106 W/cm?
Surface treatment &> 10°W/cm? Deep keyhole weld

Conduction weld

~\1// N %

\\l//

Molten pool

Molten pool Keyhole

Fig. 2 High energy beam applications with different beam power density.

Compared with other welding technologies, EBW shows a strong weldability in superalloys
and dissimilar materials. The main principle of EBW is quite different compared with other
melting methods, which is to direct a high-speed electron beam at the surface of workpiece
and transfer the kinetic energy to heat, so that there are some unique advantages of EBW:
e High power density which could reach 108 W/cm? [1]. That means EBW is suitable
for thick workpiece welding, and the welding time could be reduced.

e Deep weld penetration. The EBW weld joint can reach as deep as several hundred
millimetres, as shown in Fig. 3. Because of the physical principle of electrons
working on metal surface, narrow and deep weld dimensions are received, and the

workpiece distortion is controlled [3]. An example is shown in Fig. 4. It can be seen

that the distortion of EBW has been significantly inhibited compared with arc welding.

e Low contamination. As electron beam and beam guns are easily affected by oxygen
and particles in air, most of EBW is conducted in vacuum chamber [1]. That means
the EB welded specimen is purer. Besides, the vacuum environment will reduce the
cooling rate, which will enhance mechanical properties of the weld in some cases [4]
[5].

e Good weldability. Unlike laser welding which could be affected by workpiece surface
reflection, EBW shows a better compatibility in materials with high reflectivity.
However, electron beam could also be affected by magnetic materials [1]. The
weldability of main metals is shown in Table 1. The EB can also be applied to join a

wide range of dissimilar metals, as shown in Fig. 5 and Fig. 6.
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e High energy efficiency. The electron beam absorption rate can reach 90% [1] and the
machine efficiency of EBW device could reach 60% to 70% [6].

e A filler material is usually not necessary, except some cases that some joining of
dissimilar material could be unstable without fillers [7].

e Mature beam control system. The electron beam can be easily deflected by focusing

lens to achieve functions like preheating [8], adjusting power density [9], etc.
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Fig. 3 An example of EBW cross section weld profile with deep penetration depth. (Photograph courtesy of TWI
Ltd)

Fig. 4 Comparison of a conventional arc multipass weld (up) with a single pass EB weld (bottom) of similar

workpieces. (Photograph courtesy of TWI Ltd)
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Table 1 EB weldability of common metals [2].

Material type

Good weldability

Medium weldability

Poor weldability

Fe based materials, steel,
cast iron

Al based materials

Cu based materials

Ni based materials
Co based materials
Mg based materials
Ti based materials

Zirconium based
materials

Noble metal

Refractory metal

<0.45%C unalloyed steel
<0.35%C low alloy steel

18/8Cr-Ni stainless steel

Pure aluminium, Al-Mn,
Al-Cu-Mn, Al-Si alloy

Beryllium bronze,
aluminium bronze, Cu-
Zn, Cu-Ni alloy

Ni, Ni-Cr, Ni-Cu

Co based super alloy

Ti, Ti alloy
1.5%Sn Zirconium alloy
Pt

Tantalum

0.45%-0.7%C unalloyed
steel

low alloy steel

25/20Cr-Ni stainless
steel

High magnesium Al-Mg
alloy, Al-Zn-Mg alloy,
High-Si alloy

Pure Cu

Ni based super alloy

Mg alloy

Au, Ag

Molybdenum, niobium,
tungsten

>0.7%C unalloyed steel
and low alloy steel

Carburizing steel, cast
iron

Brass, nickel copper

These strengths enable EBW to be applied in many situations, for example large dimensional

pressure vessels. Fig. 7 shows the cross-sectional profiles of a conventional multi-pass arc

weld and a single pass EB weld. Compared with traditional joining method, EB is often

selected solely because of its high productivity, with the welding time of thick parts being

reduced for a few weeks to days. A summary of cross section weld profile is illustrated in Fig.

8, showing that the joint of EBW is the narrowest.
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Fig. 5 Weldability of main metals as regards EBW. 100: Excellent EB weldable. 75: Good weldability with
specific beam management strategy. 50: Possible EB weldability. 25: Low EB weldability. 0: not EB weldable

[6].
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Fig. 6 Example of EBW with dissimilar metals. (Photograph courtesy of TWI Ltd)

Fig. 7 Comparison of a conventional arc multipass weld (left) with a single pass EB weld (right) of similar
depth. (Photograph courtesy of TWI Ltd)
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TIG welding laser welding

MIG welding

plasma welding electron beam welding

Fig. 8 Cross section weld profiles of different joining methods [6].
The strengths and weaknesses of different welding methods, including electron beam welding,
laser beam welding, gas tungsten arc welding, gas metal arc welding and resistance welding,
are summarised in Table 2. Compared with other joining methods, electron beam welding
shows better performance in aspect ratio, thermal effect, welding speed, weld profile and
welding reflective materials, but requires more in environment and cost, and there is also
room for improvement in some aspects, such as automation and reliability.

Table 2 Strengths and weaknesses of each welding methods. +: Good performance. 0: Medium performance. -:
Poor performance.

Index Electron Beam Laser Beam Gas Tungsten Gas Metal Arc Resistance
Welding Welding Arc Welding Welding Welding

Joining
efficiency 0 0 - - -
Aspect ratio n : ) } )
Thermal effect + + - - 0
Welding speed + + . + -
Weld profile + o 0 0 0
Environment . + + + +

Reflective
material + - + + +
Filler welding i} 0 + + -

Level of
automation - + + 0 +
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Upfront cost ; } + + +
Operating cost 0 0 + + 4
Reliability } + + + +

Implementation

complexity - *

1.2 Limitations of Current Electron Beam Welding Technology

Even though the strengths of EBW make it a reliable joining method that can be applied in

many welding situations, there are still some limitations of EBW technology:

As one of the high-energy beam joining methods, some special defects caused by
deep penetrated depth, like spiking defect shown in Fig. 9, may occurs after EBW
process [10]. Some beam management strategies, such as joining with the beam
oscillation, would be helpful to avoid such defects.

Electron beam welding can be easily affected by magnetic effects, as shown in Fig. 10.
Demagnetization treatment should be conducted for magnetic metals to avoid lack of
fusion defects.

Electron beam should be usually generated at a low vacuum (10 mbar > p > 103
mbar) or high vacuum (p <= 10 mbar) environment [2]. Therefore, before each
welding process, a pumping procedure is usually adopted to reduce the pressure inside
EB chamber. This procedure can take from tens of minutes to several hours,
depending on the size of EB chamber.

Harmful radiation occurs with EBW processing therefore lead wall protection is
compulsory and personnel need to operate welding remotely (outside the chamber).
Most significantly, it is prominent and critical for EB machine operators to maintain a
high quality and repeatability in welding workpieces. A trial-and-error approach is
usually inevitable to tune the electron beam parameters to achieve the desired weld
quality. Furthermore, the beam parameters may vary during each welding process,
especially when there was a change of the EB gun filament. This makes a good EBW

quality more complicated to achieve.
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15/04/2021, 09:44
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Fig. 10 An example of EBW missed joint caused by residual magnetism in 145 mm low alloy steel.

1.3 Aims and Scopes of This Research

In recent years, the movement towards a smart manufacturing in ‘Industry 4.0’ scenario

requires EB welding engineers to upgrade the conventional welding process by adopting

10



Chapter 1 Introduction

more computer-based tools and therefore to achieve ‘right at first time’ manufacturing. Even
though the EBW technology has been continuously improved during the past few decades,
the quality control of the EBW process is still a problem as EBW is still highly reliant upon
the operators’ experience and trial-and-error, which is expensive, unreliable, wasteful and not
transferable. In practice, the trial-and-error approach is usually adopted to tune the electron
beam parameters to achieve the desired penetration depth on a test piece before moving to
final production. This trial-and-error approach can be very time consuming and costly,
especially in the case of welding expensive high-grade materials, and it makes the EBW

process very hard to standardise and be fully automated.

A significant way to solve this problem is to predict EB weld shape, also known as the fusion
zone dimensions, before welding processing. From several previous studies, there is a clear
correlation between EB weld shape and workpiece mechanical properties [11] [12] [13], as
satisfactory weld shapes could provide good fatigue resistance and reduce the size and
quantity of pores. The size of weld bead is also correlated to the distortion scale of welded
samples [14]. In actual production, it is usually strictly required that the penetration depth
should be at a certain range. According to the latest BSI ISO Standards 13919-1:2019 about
electron- and laser-beam welded joints [15], the incomplete penetration of quality level D
should be controlled less than 1 mm or 0.15 times of plate thickness, whichever is smaller.
For quality level C or B, the lack of penetration is unacceptable. Therefore, precisely

predicting EBW penetration depth is a critical task before conducting the welding.

It could significantly save time and money if the customers of EB machines could predict the
weld shape of workpiece before commencing the actual welding production, but there is no
matured solution available yet. This is mainly attributed to the complexity of the weld shape
prediction problem, where the EB weld shape is influenced by several factors like electron
beam parameters, welding speed, workpiece temperature, material, vacuum level, electron
beam gun status and workpiece dimensions, and an accurate estimation is usually very time-

consuming, computationally challenging and often relying on empirical data.

Nowadays, thanks to the increasing computing ability, more methods have become available
for developing a reliable and efficient model for predicting the dimension of EB fusion zone,
which could be applied in real EBW productions. There are several methods that seem
promising to achieve this goal, including but not limited to empirical equations, numerical

modelling, statistic modelling and machine learning. However, further studies are still needed

11
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to decide which method is better for the EB weld shape prediction, which will be illustrated

in the following chapters in this thesis.

The main aim of this research is to develop an accurate, reliable and repeatable method to

predict electron beam weld shape in prior of the actual welding.

The welded samples include two different situations, partially and fully penetrated weld
beads. Partially penetrated welding is usually adopted for thick workpiece. The fusion zone
should achieve a certain depth to avoid defects such as lack of penetration. In actual
production, the area of weld bead root is usually removed by machining to avoid stress
concentration, hence the critical issue in partially penetrated EBW is to predict weld bead
penetration depth. For the fully penetrated welds, beside avoiding lack of penetration defects,
the size of fusion zone, keyhole status and morphology of the weld bead can all affect the

weld quality and should be considered.
To achieve the primary target, this research needs to complete the following tasks:

e Beam probing and characterising. A key procedure of EB weld shape prediction is to
retrieve accurate weld parameters before conducting welds, to avoid the uncertainty
caused by beam variation. Electron beam can be controlled by changing the
accelerating voltage, filament current, filament situation, focusing current, vacuum
level, working distance, etc. It is difficult to keep these parameters absolutely
consistent for different welds, therefore it is important to probe the electron beam
before conducting the welding so that some fluctuation of electron beam parameters
can be detected and the inconsistency brought by the E-beam itself could be avoided.

e Data collection and analysis. The variables that may affect electron beam weld shape
include electron beam characteristics, beam current, accelerating voltage, focusing
position, welding speed, etc. How these variables affect the weld shape and how to
process these data will be a key part of this research. Electron beam characteristics
can be obtained by the beam probing technology, and some welding parameters, like
accelerating voltage, can be extracted from the EB machine system. The relation
between these parameters and weld profile dimensions will be investigated in this
study.

e Model setup. There are a number of models that can be applied for carrying out the
prediction, like statistic models, machine learning (ML) models, numerical simulation

models, etc. Some methods, like machine learning models, can provide fast response

12
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but may require a large number of tests. Some methods such as numerical simulation
need less experiments but need long running time simulation. A critical discussion
and selection of these models are necessary in this research. After selecting a specific
model, how to improve the prediction accuracy of the model would be another

important content in this thesis.

1.4 Methodology of this thesis

In this thesis, the electron beam weld shape is predicted by following methods:

e The electron beam will be detected by a 4 slits probe (developed based on a Faraday
cup) before conducting the welding. And the signals from the probe will be analysed
to find the key features of electron beam, such as full width of half maximum
(FWHM), 1/e? width, etc.

e Bead-on-plate and butt welding will be conducted by electron beam to produce a
dataset of the welding parameters versus the performance of welded samples. The
welding parameters include the beam characteristics detected by the 4-slit probing,
beam current, accelerating voltage, focusing position, welding speed, etc. The welding
outputs to assess the performance include weld profile dimensions, weld shape pattern,
defects and consistence of weld bead.

e Models are set up based on the relations between inputs and outputs. The models
include statistic models, i.e. second order regression models and empirical equation
generated from previous analytical models, machine learning models, i.e. artificial
neural network (ANN), numerical models, i.e. computational fluid dynamics (CFD).
The setup of these models will be discussed and the prediction accuracies of each
model will be compared to find the best method. The best model will be selected for
predicting the weld dimensions in the control group.

e Based on the measured and predicted weld dimensions, the cross-sectional profile of
the welds will be redrawn by using finite element method (FEM). The simulated
temperature fields will be compared with the experimental temperature field captured
by thermocouples (TCs) to verify the reliability of the predicted weld profile by FEM.

e For the partially and fully penetrated EBW, CFD models are developed to be
compatible with both situations. Weld dimensions and quality are predicted by the

13
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CFD models and the simulated dimensions of weld shape are added to the dataset of

ANN as virtual data to reduce the required number of data in the training group.

1.5 Thesis Layout

Chapter 1 covers the research backgrounds, tasks and methodologies of this PhD
research.

Chapter 2 provides a literature review of technologies and studies relevant to the
electron beam weld shape prediction, including beam probing technologies, EBW
numerical models, etc.

Chapter 3 illustrates the 4 slits beam probing technology and experiments of beam
charactering. The beam probing method is the basis of all following models.

Chapter 4 introduces weld shape prediction with the fully penetrated situation. The
bead on plate welds of S275JR mild steel plates are selected for relevant experiments
and the models applied in this chapter including statistic models, numerical models
and machine learning models.

Chapter 5 covers the contents of applying FEM model to redraw the partially
penetrated weld profile of electron beam welded S275JR mild steel plates.

Chapter 6 depicts the CFD model that is able to be compatible for both the fully
penetrated weld situation and the partially penetrated weld situation. The simulated
weld beads were compared with experimental weld beads to verify the reliability of
the CFD model.

Chapter 7 depicts some important conclusions of this PhD research and the future
works to make the electron beam weld shape prediction more efficient and more

accurate.

14



Chapter 2 Literature Review

This chapter provides a literature review concerning technologies and studies relevant to the
weld shape prediction. Firstly, studies about the main barriers to electron beam welding are
summarized. Then the relevant literatures about technologies and methods to improve EBW
quality are introduced, including electron beam probing technology, and weld shape
prediction methods such as previous empirical equations, numerical models, and artificial

neural networks.

2.1 Background of Electron Beam Welding

Electron beam welding technology is based on the electrons with high speed and high kinetic
energy, which are emitted from cathode and accelerated by high voltage field. These
electrons are focused by the electromagnetic lens and transfer their kinetic energy to heat
when they impact the surface of the metal to be welded. The metals are then melted and re-
solidified, which realises the joining purpose. Since the first commercial electron beam
welding machine being developed in 1958 [1] [2], electron beam welding technology has
been widely applied in aerospace industry, nuclear industry, turbine manufacturing, heavy

machine manufacturing, etc.

Compared with the traditional welding methods, harmful radiation occurs during electron

beam welding process. Fig. 11 illustrates the interaction between high-speed electrons and
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surface of the welded metal. Beside the harmful X ray radiation, there are also significant
number of electrons escaped from metal surface during welding. Therefore, an operator has
to control the EBW process outside of a lead chamber for protection purpose. The
requirement of remote operation increases the difficulty of EBW quality control.
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Fig. 11 Schematic of interaction between high-speed electrons and surface of the welded metal [6].
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As the energy density of electron beam is usually high to achieve deep penetration weld and
the process must be controlled outside a lead chamber, there are several defects often
occurring during electron beam welding, such as crack, cavity, sagging, spiking, lack of
fusion, etc. Most of these defects are strongly correlated with the weld shape. K. Olszewska
and K. Friedel successfully suppressed the spiking defects of electron beam welded carbon
steel workpieces by adjusting the weld shape via changing the focusing current [16]. A.
Siddaiah et al [13] emphasized that the mechanical properties are strongly dependent on the
shape and dimensions of the weldment, considering the influence of residual stress and
distortion of the welded structure. Similar inference also provided by P. Mastanaiah et al
[11], writing that the weld profile dimensions have a significant influence on the load bearing
capability of the electron beam welded joint. Y. Li et al [17] found that wider weld joint
provides lower tensile stress at vertical direction therefore leading to a lower risk of cracking.
Y. Li et al [14] also summarized four different cross-section weld shapes usually occur
during EBW, i.e. wedge shape, bell shape, nail shape and funnel shape, shown in Fig. 12.
Their study shows that the nail shape joint with a negative defocused electron beam can
provide the smallest angular distortion.
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Fig. 12 Illustration of four cross-section weld shape usually occurs during EBW, i.e. wedge shape, bell shape,

nail shape and funnel shape [14].

According to the previous studies, it can be concluded that if the EB machine operator can
predict weld shape before moving to the welding process, some defects, such as lack of
fusion, cracks, big distortion, and spiking, can be avoided to some extent. Therefore, plenty
of studies have focused on predicting the electron beam weld shape or the weld profile
dimensions, with methods like numerical modelling (FEA and CFD), analytical and statistical
methods and machine learning (neural networks). But before moving to the prediction
procedure, the first thing is usually to calibrate the electron beam by using beam probing
technologies.

2.2 Electron Beam Probing Technology

A reliable beam characterising method plays a crucial role in guaranteeing the weld
performance. Beam power, beam spot size, focal position and welding speed are all

influential to the weld shape. For a given beam power, the electron beam spot size on the
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workpiece surface directly determines the energy density and therefore will significantly
affect the welding quality. When the beam power and welding speed are fixed, excessive
energy density, i.e. smaller beam spot size, can increase internal porosity [18] while an
insufficient one may result in shallow penetration or an uneven weld surface. Measuring the
effective beam radius is a useful way to control the beam energy density in a reasonable
range before conducting weld. Therefore, it is important to develop electron beam probing

technologies and beam characterising methods.

Electron beam probing technology has been applied to control weld quality for decades since
1970s. In 1970, D. Sandstorm introduced a rotating wire beam-scanner device for beam
diagnostics [19], which is able to detect the sharp focus position or the distance to the sharp
focus of a given focusing current. The schematic diagram of a typical wire probe is shown in
Fig. 13. The wire is rotating with speed of thousand rpm and electrons bombard the wire
directly. The absorbed electrons lead to different potential between the wire and the ground,
which can be easily measured. The profile of potential changes can be used to determine the
electron beam profile to some extent and such probe is usually used for beam calibration but
cannot provide detailed beam energy density distribution. Similar methods can also be found
from [20], the difference is that the wire is fixed in this study, but the electron beam is
deflected and sweeps past the wires. As the wire is difficult to despatch the heat during beam

probing, this method cannot be applied with high power beams.
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Fig. 13 The schematic diagram of a typical EB wire probe.

Arata Beam (AB) test is another common method to detect the electron beam focal position
and effective beam radius, which was first introduced by Y. Arata [21]. A metal plate with
several slots is placed at a given angle to the horizontal, and electron beam sweeps passing
these slots, causing different sizes of fusion beads. The electron beam focal position and
beam diameter can be determined based on evaluation of these weld beads. This method is
reliable to detect the high-power density beams, not only applying electron beam but also
able to be used for laser beams. The sketch of AB test is shown in Fig. 14. The limitations of
this method include two parts: firstly, the precision of the detection highly depends on the
manufacturing and positioning of the metal plate. Secondly, the metal plate is damaged after

test and is not reusable.
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Fig. 14 The sketch of Arata Beam test.

A more widely adopted probing method is to apply a Faraday cup with slits to characterise
electron beam, shown in Fig. 15. The probing devices may have one slit or several slits. A
typical one-slit probe can be found from [22]. Electron beam passes by the slit with a high
speed up to hundred meters per minute and the electrons can be captured by a Faraday cup
positioned under the slit. The Faraday cup is connected to the ground with a fixed value
resistor. The quantity of captured electrons can be calculated by measuring the voltage of the
resistor, and then the beam profile of a given direction can be drawn based on the voltage
variation. As one slit can only describe the beam profile of one direction, multi slits probe
were developed in later studies, such as 2 slits probe [23] [24] [25] [26], 4 slits probe [27] [27]
[28] [29] [9] and 17 slits probe [30] [31] [32]. The electron beam is deflected by the magnetic
lens to draw a circle path over the slits and therefore each slit can provide a beam profile of a
given direction. The 2 slits probe developed by TWI Ltd shown in Fig. 16 (a) is able to detect
the electron beam profile at x and y direction, and there is one more slit at both x and y
direction of modified 4 slits probe shown in Fig. 16 (b) to detect the beam deflecting speed.
The 17 slits probe, shown in Fig. 17, firstly introduced by Elmer and Teruya [30] [31] is able
to redraw the beam energy distribution of non-circular and irregular electron beams with a
maximum power of 2.66 kW. Slit probing technology is a promising method compatible with

high power beam and able to provide essential beam charateristics.
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Fig. 15 The schematic diagram of a typical EB slit(s) probe.
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Fig. 16 (a) 2 slits probe developed by TWI Ltd in 2013 [33]. (b) Modified 4 slits probe developed by TWI Ltd in
2016 [34].
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Fig. 17 Schematic diagram of 17-slit probe developed by Elmer and Teruya [30]. Left: Cross-section of the

probe. Right: Design of the tungsten disc over Faraday cup.

To draw a more detail beam energy map, many manufacturers adopt pinhole beam probing
technology in their EB machines [35] or EB probing systems [36] [37]. The schematic
diagram of pinhole beam probing is depicted in Fig. 18. The pinhole size is much smaller that
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a usual beam focal sopt and the electron beam is deflected to scan through the probe surface
and sweeps over the pinhole. The probing process can last dozens or hundreds of
milliseconds. The main advantage of pinhole probe is that it can provide more details about
beam power distribution than wire probe and slit probe. But pinhole is vulnerable to high

power beam and the damage of pinhole will affect the probing accuracy of following tests.
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Fig. 18 The schematic diagram of a typical EB pinhole probe.

The mentioned probing methods, except the AB tests, can only provide the beam profiles of a
given plane, but the electron beam weld shape is also affected by the focal positions [38], like
over-focus (focal position is above the workpiece surface), sharp-focus (beam is focused at
the workpiece surface) and under-focus (focal position is under the workpiece surface). To
draw a beam caustic profile, the probe should be positioned closer and farer to the EB gun to
determine the sharp focus position of a focusing current. TWI Ltd has developed an electron
beam probing system named BeamAssure™ that is able to change the focusing current
during beam probing and draw a beam caustic profile with different focusing current to
provide the focal position information as a reference [29].
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2.3 Empirical Equations for Electron Beam Weld Shape

Prediction

The most common and rapid method to predict electron beam weld shape is applying an
empirical equation with the correlation between weld parameters and weld bead dimensions.
Most of empirical equations are generated by simplying the idealized mathmatical models
based on some experiments. The consumptions of such models usually contain a constant
keyhole profile, some temperature-independent material properties and a quasi-equilibrium
weld state [39] [38], therefore the mathematical models are deemed as compromises for

inadequate computing ability.

As the quality of electron beam welds, such as shape of weld bead, residual strains and
degree of porosity, is largely correlated with the penetration depth [1] [40] [41], researcher
are mostly interested in the prediction of EBW penetration depth by using empirical
equations. Such study has begun from 1988. W. Giedt and L. Tallerico [39] were the first to
introduce an empirical equation utilising the dimensions of the top width of the weld bead to
estimate the EBW penetration depth by assuming an idealised linear heat source model, with
a maximum error in weld depth prediction of 40%. The studied materials include Al 1100, Al
2024, Al 6061, Carbon steel, SS 304 and SS 316. The penetration depth can be empirically
predicted by equations:

Y =6-X¢ 1)

X:S'Wt @)
a

_ Qin

Qn=U"1 (4)

where D is the EBW penetration depth, « and k are thermal diffusivity and thermal
conductivity, 6,, is the difference between the melting temperature and ambient temperature.
S is the welding speed. w; is the top width of weld bead, & and & are constants and are
determined by power fitting of experimental data. Q;,, is the total power of the electron beam,

U is the accelerating voltage, and I is the beam current.
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As the value of the top width can only be measured from the welded sample, this method
cannot be applied in prior of the welding procedure. To resolve this problem, subsequent
researchers [42] sought to replace the top width dimension with the electron beam diameter
[42] [22] [43]. In the study of [22], the beam radius was detected by 1-slit probe. w; in
Equation (2) is replaced by the detected beam radius and the scatter of the fitting is improved
to less than 20%.

Similar method can also be found from the study of H. Hemmer & @. Grong [44]. They also
did regression analysis of Equation (1) with adding a constant term. The empirical equation
developed in this study can provide a predicted penetration depth of EBW with maximum
deviation of 25% for titanium grade 2, 15% for aluminium alloy AA 5052 and 15% for
duplex stainless steel SAF 2507. The beam radius was not detected but estimated by another
empirical equation considering the relationship of beam radius, beam current and working

distance from lens plane to workpiece.

According to the penetration depth prediction study of laser beam welding [45], when the
beam energy density is higher than a threshold value, the normalized penetration depth D,,;,
of high energy beam welding is strongly correlated with normalized power P,,; and is given

in equation:
Dyp = KPyp )

where K is a constant determined by regression method. Unlike most EB analytical models
that focus on deep penetration weld assuming a cavity generated constantly, the conduction
weld and deep penetration weld are both considered in [45], and the rules of weld penetration
of these two situations are different.

2.4 Numerical Models of Electron Beam Welding

Numerical models, such as finite element method models and computational fluid dynamics
models, are efficient tools to study the weld phenomena and predict weld quality. As EBW is
a relatively complex joining technology, the numerical modelling is a trend to avoid costly
tests and control weld defects. In this section, about 80 papers published in last 20 years
related to EBW numerical modelling are summarised and the purposes, methods, and usages
of these models are analysed to investigate the possibility of applying numerical model to
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predict EB weld shape. The list of the papers with essential modelling parameters can be

found from Appendix 1.

The finite element analysis (FEA), also called finite element method (FEM), is a promising
method of helping EBW operator to select reasonable weld parameters and control welding
process, with a number of studies being carried out focusing on the FEA simulation of
electron beam weld quality based on modern tools to reduce the expense of EBW. FEA
simulates the real physical system, such as geometry and load conditions, by using the
method of mathematical approximation. The infinite unknowns of a real system can be
approximated by adopting a finite number of simple and interactive elements therefore a
complex problem can be simplified.

A typical FEA model to simulate thermal filed of EBW is shown in Fig. 19. A 3D/2D model
should be made in advance and the boundary conditions of each surface/edge of the model
should be set considering the actual working ambient. A heat source, which is applied to
mimic the heat generated by electron beam, is usually adopted. From Fig. 19 it can be seen

that the molten pool dynamics cannot be simulated by FEM.
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Fig. 19 An example of using FEA method to simulate the thermal field of electron beam welded Inconel-713LC
gas turbine blades [46].
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Unlike FEA, CFD (computational fluid dynamics) is the cross science of the combination of
modern fluid mechanics, numerical mathematics, and computer science. It approximately
represents the integral and differential terms in the governing equations of fluid dynamics as
discrete algebraic forms to form algebraic equations, and then solves these discrete algebraic
equations by computer to obtain the numerical solutions at discrete time/space points. The
difference of FEA modelling and CFD modelling of EBW process is that CFD models
usually consider the fluid dynamics of molten pool and the forces acting at the free surface of
EBW. However, FEA model focuses on solving the equations of temperature, stress and
distortion. As the principles of CFD and FEA are different, CFD models are usually used to
illustrate molten pool phenomena and FEA models are often adopted to simulate mechanical

properties like residual stress and distortions.

A typical CFD model to simulate high energy beam welding process is shown in Fig. 20.
Usually, the CFD model geometry is not as complex as the FEA model, as the requirement of
computing power of CFD is much higher than that of FEA. The heat source to mimic EB heat
generated is also compulsory. From Fig. 20 the molten pool dynamics and weld geometry are

successful simulated by CFD.

(a) . (b)
(c) (d) E
——ag——

Fig. 20 An example of using CFD method to high energy beam welding process [47].
Fig. 21 depicts the statistic data of modelling methods for EBW process in last 20 years. It is

obvious that 3D models can consider more boundary conditions than 2D models, which may
provide a better simulation accuracy. Thanks to the improvement of computing power, 3D
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FEA and 3D CFD models are most widely applied in last 20 years to illustrate EBW

phenomena or to predict weld performance.
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Fig. 21 The statistic chart of methods for EBW simulation in papers of last 20 years (2003-2022).

But there are also some special 2D models that are able to provide useful information in
modern EBW area. For example, based on the CFD method, a keyhole tracking method is
introduced by C. Liu and J. He and applied to simulate aluminium alloy spot weld pool
dynamics in 2016 [48]. The vapour cavity formation caused by keyhole collapse is
successfully reproduced by this model. But the model is only used for the spot weld without a
moving heat source, their results cannot be verified in traditional butt weld situations. Then
they simplified the model to a 2D version in 2017 and also found that the keyhole collapse is

main reason of penetration stopping [49].

There are also some special numerical models that combined CFD model with FEA model
therefore the molten pool dynamics and the structural changes of welded samples can be both
considered. A novel CFD-FEM model was built by L. Liang et al [50], shown in Fig. 22, to
simulate the residual stress of EB welded Ti-6-Al-4V alloy caused by spiking defects, which
cannot be achieved by traditional FEM model. With the CFD model to determine the heat
source and FEM model to predict residual stress, the relevant mechanical properties change

during EBW process were successfully estimated.
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Fig. 22 The CFD-FEM combined model for EBW simulation developed by L. Liang et al [50].

From Fig. 23, the top three purposes of EBW numerical modelling are to simulate the thermal
field during EBW, to estimate the distortion/residual stress caused by EBW and to estimate
the weld bead dimensions. It can be found that numerical modelling has become a common
method to predict fusion zone of EBW. For example, Y. Wang et al [51] applied a combined
point-linear heat source to simulate the temperature field of electron beam welded titanium
alloy and it is found that such heat source is able to reproduce the fusion zone pattern of
EBW, including nail pattern, bell pattern, funnel pattern and chock pattern. Y. Lu et al [52]
simulated the EBW process of AZ61 magnesium alloy by applying a combined a Gaussian
surface source and a conical heat source in FEA models, which reproduced the fusion zone

variation with different recoil currents.
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Fig. 23 The statistic chart of purposes of EBW simulation in papers of last 20 years (2003-2022).

J. Huang et al [24] discussed the variation of fusion zone shape with different thickness of
welded workpieces and concluded that some prediction discrepancies may occur because of
the lack of consideration of molten pool dynamics. Hence, to predict the weld shape, there is
a significant strength of CFD modelling that the molten pool dynamics can be considered. To
determine the interface of liquid metal and ambient gas in the CFD models, two methods are

usually adopted: volume of fluid (VOF) method and level set (LS) method.

VOF method is a numerical technique for tracking and locating fluid interfaces in CFD. It
uses static or migrated meshes in a certain form to adapt to the evolution of interface shape,
which is a kind of Euler method. The VOF method can track the mass of fluid and the fluid
interface with topology changes with good convergence. At the same time, the VOF method
can directly define the region of fluid, which makes the coding relatively easy. However, the
interface obtained by the fluid volume method is not as smooth as the LS method. Additional
interpolation or multiplication with the smoothing function is often needed to obtain a
smoother interface during calculation. LS method is a numerical technique for interface
tracking and shape modelling. The advantage of the LS method is that it can numerically
calculate the evolving curves and surfaces on the Cartesian grid without parameterizing the
curves and surfaces. The Hamilton Jacobi equation of level set function is applied to describe
the zero level set moves along its normal with a certain velocity, and the level set function

takes positive values internally and negative values externally [53].

Therefore, the EB molten pool dynamics, weld shape and weld quality are able to be
simulated by CFD methods. D. Trushnikov and G. Permyakov introduced a 3D CFD model
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in 2017 to study the influence of focus position on molten pool dynamics of steel welded by
oscillated EBW [54]. According to the experimental and simulated results, it is found that the
amplitude of convection caused by Marangoni effect is increased when the beam focusing
position are moving down. In 2019, S. Borrmann et al [55] used CFD method to simulate the
EB welded TRIP/TWIP steels of different thermophysical properties. Based on the simulated
weld shape, the results shows that temperature dependent thermophysical properties takes an
important role and cannot neglected in EBW simulation. Their team also applied similar
models to track metal matrix composites (MMC) particles movement inside molten pool of
EB welded TRIP-Matrix-Composite [56]. A suitable beam offset can be then selected based
on simulated particle distribution. B. Huang developed a 3D CFD model based on LS method
to simulate weld pool dynamics and keyhole generation of Ti-6-Al-4V alloy [57]. The
simulated results show that there is a 1-2 kHz keyhole oscillation and certain high weld
speed has stabilization effects on the keyhole. The flow speed inside molten pool can reach 5
m/s. Similar LS methods to simulate the EBW process of Ti-6-Al-4V alloy can also be found
from [58] and [59]. The former simulated the keyhole and molten pool dynamics of scanning
electron beam welding. This study found that high frequency beam scanning led to better
uniformity of keyhole and less defects than low frequency welds and a suitable beam
scanning strategy can be selected based on this CFD model. The CFD models of latter were
used to simulate vapor plume dynamics inside EBW keyhole. Authors found that the
maximum velocity of EBW vapor plume can reach to 1500 m/s based on simulated results.
3D CFD modelling was also conducted in simulating EBW of aluminium alloys [12] [60]. To
study the porosity defects during EBW process, G. Chen et al applied CFD simulation to
prove that high welding speed and penetrating welding are beneficial for metal vapor escape

liquid 2A12 aluminium alloy.

Beside the applications mentioned above, numerical models of EBW were also adopted to
determine reasonable weld parameters, to avoid weld defects, and to verify the effectiveness
of some processing measures such as post heating by beam oscillation. 30HGSA steel tube
welded by pulsed electron beam was simulated by P. Lacki and K. Adamus [61]. The weld
parameters can be optimised based on the simulation results like the thermal field and the
residual stress distribution. P. Rogeon et al [62] applied FEA model to study the critical width
of electron beam welded specimen of 18MND5 steel. They found that when the width of
welded plate is over a critical value that simulated by FEA model, the fusion zone dimensions

will keep consistent with the variation of sample size. FEA model was applied by Y. Li et al

31



Chapter 2 Literature Review

[14] [17] to interpret the cracks caused by high residual stress of EB welded Ti2AINb plates.
The simulation results shows that wider weld bead can reduce tensile stress in depth direction
and minimise risk for cracking as well. D. Kaisheva adopted the finite element method to
analyse the thermal field variation of electron beam welded aluminium alloy AMg6
workpiece with electron beam oscillation. The simulation results show that beam oscillation
can expand molten pool and reduce penetration depth, which is beneficial for reducing the
seam defects [63]. Rosen et al [64] applied FEA modelling to verify the function of post
heating by beam oscillation and found that post heating by beam oscillation is an effective
way to reduce residual stress. The multiple beam technique of EBW were simulated by H.
Zhao et al [65]. According to experimental results and FEA simulation, the multiple beam
technique of EBW is a useful method to minimize the welding residual stress and
deformation. The maximum of residual stress can be reduced by 30%. K. Venkataa et al [66]
introduced applying FEA model to predict residual stress of EB welded ferric steel and to
illustrate the function of post weld heat treatment (PWHT). It is found that under the point of
Austenite start temperature, higher holding temperature can induce greater relaxation of the
residual stress. Such studies that focusing on the FEA simulation of EBW with post heating
can also be applied in other materials, such as Nimonic superalloy [67], etc. Besides, FEA
model was adopted by P. Fu et al [68] to study the thermal field of EB welded Ti-Al-Sn-Zr
alloy with preheating and post-heating process. Based on the simulated thermal distribution
of electron beam welded samples, microstructure of the titanium alloy around weld bead was
predicted and analysed. L. Rajabi and M. Ghoreishi adopted FEA software ABAQUS to
simulate the EB welded Inconel 706 plates and found that heat treatment before weld can
enhance the weld strength of material [69]. Similar methods are also adopted by W. Zhang et
al [8]. Their simulation and experiments show that electron beam multi-beam pre-heating can
reduce compressing stress caused by metal fusion and decrease maximal 80% of buckling

distortion as well.

Beside the purposes illustrated above, there are also some other applications of FEA
modelling in EBW simulation. Some FEA models are adopted to determine electron beam
weld heat source input to reproduce heat affected zone and fusion zone, which is an inverse
problem [70] [71]. The model is to predict the weld parameters based on temperature
distribution data by the Levenberg—Marquardt method. This method shows a good agreement
in the middle of the weld strand, but not satisfying near the head of the weld strand. Some

phenomena during electron beam welding can also been explained by using FEA methods.
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The EBW seebeck effect was simulated by M. Ziolkowski and H. Brauer using FEA, and the
simulation agrees well with experimental results [72]. This model is also a good reference to
select an appropriate tilt angle to avoid beam misalignment. In the PhD work by J. Huang, the
electron beam welding process and hydrogen behaviour during welding are numerically
simulated based on a modified three-dimensional volumetric heat source [23]. The keyhole
profile is theoretically calculated, and heat transport is simulated in FEA model. These
models contribute to the rationalisation of the porosity formation mechanism during EBW of
Ti-6Al-4V alloy. D. Das et al [73] reproduced the phenomena of weld bead dimension
variation with same power but different beam voltage/current ratio by using ABAQUS.
Results show that the effects of space charge play a significant role in EBW temperature field
and cooling rate. Referring to the model of G. Chen et al [74], the simulated temperature field
shows that the molten pool temperature is much higher than Li evaporation point, proving Li
loss during EB welding process of 2195 Al-Li alloy.

The interaction between electrons and metal plate is usually difficult to simulate in common
models of EBW, therefore one important part of EBW numerical modelling is designing the
heat source to mimic the heat input by electron beam. Fig. 24 illustrates the most common
heat source that applied in EBW simulations, including cylinder or conical heat source,
surface or surface tracking heat source, double ellipsoidal heat source, etc. Simple sketches of
different types of heat source are shown in Fig. 25. The selection of heat source types is
usually correlated with the purposes of EBW simulation. To study the molten pool or keyhole
dynamics in a short period, surface tracking heat sources were often adopted in CFD
modelling, but when studying the thermal stress during EBW process, a volumetric heat

source is more suitable for a long-time weld simulation.

For example, the residual stress and distortion of electron beam welded Inconel 708 plates
were simulated by P. Ferro et al [75] using a spherical and a conical shape heat source in
SYSWELD and the residual stress was well predicted. A similar study was also conducted by
A. and H. Runnemalm [76]. The residual stress and distortion of Inconel 718 plate welded by
EBW were simulated in their study. Some heat source types, i.e. the double-ellipsoidal-
conical (DEC) heat source, can be applied to simulate not only single pass full-penetration
electron beam welds but also multi-pass narrow groove gas-tungsten-arc welds [77]. A multi-
scale model of EB welded AI-Cu alloy was developed by Z. Yang et al [78] using the heat
source based on a ray tracking method, considering the macroscopic scale to study molten

pool dynamics and the microscopic scale to analyse the microstructure evolution process. The

33



Chapter 2 Literature Review

model suggests that the electron beam current need to be control at a suitable range as too

low current may increase crack sensibility and too high current will impact the weld strength.

Similar heat source can also be found form models in [79] [80].

16

w0

@

B

(Y]

15 15
10
9
8
7
I 2
Cylender or conical heat Other heat source Surface or surface tracking  Double-ellipsoid heat Combined surface and Combined conical and Point/Surface and linear
source heat source source conical heat source ellipsoid heat source heat source

Fig. 24 The statistic chart of heat source type of EBW simulation in papers of last 20 years (2003-2022).
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Fig. 25 Sketches of some typical types of heat source.

According to the review paper of M. Weglowski et al [6], EBW can be applied in joining of
more than 30 types of metals, and most of them were considered in these numerical models,
which are summarised in Fig. 26. Steel, titanium alloy and aluminium alloy welded by
electron beam are most popular among these numerical models, which covered about 74%.
There are also many models focusing on the EB joining with superalloys and refractory

metals.

The EB welded dissimilar materials can be simulated by FEA and CFD models. B. Zhang et
al [81] applied FEA model to simulate EBW with dissimilar materials and tried to verify the
effect of adding filler material to modify the mechanical properties of welded samples. A 2D
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CFD model was built by 1. Tomashchuk et al [82] to simulate dissimilar liquid metal
propagations during EBW of pure copper with AISI 316 austenitic stainless steel. This model
is able to predict different types of molten pool morphology and provide calculated
copper/steel fraction in melted zone. They found that residual stresses are decreased when

copper filler is added during Ti-15-3 alloy to 304 stainless steel EB welding process.

Fig. 27 shows the EBW heat input of these models, which illustrate that the most common
heat input range is from 0.1 kJ/mm to 1 kJ/mm. For EBW of steel, 0.1 kJ/mm to 1 kJ/mm can
usually generated a weld bead with a penetrated depth from several millimetres to dozens of
millimetres, which can cover a wide range of weld situations and purposes. 0.01 kJ/mm to 0.1
kJ/mm heat input is relatively low and may consider the transfer between conduction mode
and deep penetration mode. Based on Fig. 26 and Fig. 27 it can be summarised that adopting
0.1 kJ/mm to 1 kJ/mm heat input and welding steel samples would be a most acceptable

combination for the study of EB weld shape prediction.

Fig. 28 depicts the weld modes of EBW simulated by previous papers, including partially-
penetrated & bead-on-plate single pass weld, partially-penetrated & bead-on-plate scanning
weld, penetrated single pass weld, penetrated scanning weld and penetrated & partially
penetrated weld. Only 17% of models simulate the EBW with beam deflections, including
direct weld with an oscillation pattern like in [79] [83] and pre-heat/post-heat by beam
deflections like in [8] [84]. For industrial production, to adjust the weld bead shape, oscillated
EBW is more widely accepted because beam deflection pattern is easier to control than set a
certain relative beam focal position. But in most academic study the deflection is often
ignored. According to BSI standard [15], fully penetrated of EBW is usually required and
therefore 55% of these models simulated the fully penetrated situations. As some defects,
such as lack of fusion or spiking, can be avoided by postprocess procedures, the partially
penetrated and bead on plate weld can also provide useful information of EBW parameters
selection, therefore 45% models focus on the unpenetrated situations. Besides, 9% of the

studies considered both the partially-penetrated situations and the fully penetrated situations.

Overall, numerical modelling is an effective tool to control the quality of EBW, and the
methods of both CFD and FEA modelling to predict weld bead dimension will be illustrated
in Chapter 4, Chapter 5 and Chapter 6.
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Fig. 26 Distribution of metals of EBW simulations in papers of last 20 years (2003-2022).
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Fig. 27 Distribution of heat input range of EBW simulations in papers of last 20 years (2003-2022).
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Fig. 28 Distribution of weld modes of EBW simulations in papers of last 20 years (2003-2022).

2.5 Artificial Neural Network (ANN) Applied in Quality Control

of Electron Beam Welding

The recent developments in machine learning based modelling have seen numerous new

opportunities and possibilities in improving the capacity and accuracy of virtual prediction.

For example, machine learning models based on artificial neural networks (ANN) can enable

a much faster theoretical prediction than conventional numerical methods, which have been

widely accepted for quality control of EBW.

Artificial neural network is a mathematical model that imitates the structure and function of

biological neural network, which is used to estimate or approximate the relationship between

inputs and outputs. A common neuron structure is shown in Fig. 29.
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o

Fig. 29 Sketch of a common neuron structure.

where a are the values of inputs. wn are weights of input values and b is bias, which will be
changed during training according to the learning rule. f is the transfer function, which
represents the activation rule defining how neurons change their excitation value according to
the variation of other neurons. t is neuron output value. Architecture, activation rule and

learning rule are the three basic parts of a typical ANN.

ANN has been widely applied for prediction of EBW performance in 21% century, and the
prediction can be divided into two parts: First is the weld shape prediction including
penetration depth prediction, top width prediction, etc. Second is the weld mechanical

properties prediction, including residual stress, strength, defects, etc.

2.5.1 ANN Applied for Electron Beam Weld Shape Predictions

V.Dey et al [85] adopted a back propagation neural network (BPNN) and genetic algorithm-
tuned neural network (GANN) to predict the EB weld bead profile of stainless steel 304 in
2008. The inputs include accelerating voltage, beam current and welding speed, and outputs
are top bead width, depth of penetration and other weld bead dimensions. 17 sets of
experiments were conducted to record the relationship between weld parameters and weld
bead dimensions, and first these data were used to tune second order regression equations.
Then 1000 virtual data are generated by these equations to tune ANN. The predicted weld
bead profile is successfully drawn but there are no details about prediction deviation of each
dimension. Their team continued to predict the EB weld bead profile of stainless steel [75]
[86] [87] [88]. The average absolute percentage deviation of predicted penetration depth can
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be kept under 5% with a linear EB power density ranging from 136.5 J/mm to 253.1 J/Jmm
without considering the influence of beam radius, and the deviation increased to around 6.3%
when beam radius and power distribution factor are considered. They also applied similar
method to predict the EB weld bead profile of aluminium alloy [89] [90] [91], reactive
material zircaloy-4 [92], and disimlar materials [93]. Accorditing to these studies, the

prediction performance of BPNN is more stable compared with other methods.

Weld bead dimensions predicted by BPNN were also applied to optimise austenitic stainless
steel EBW parameters by G. Mladenov and Elena Koleva in 2009 [94], with 73 training data
and 8 verification data. A thorough test had been made to detect the distance between the
main surface of the magnetic lens of the electron gun and the beam focusing plane by using
Arata Beam method. The BPNN in this study is able to predict weld performance and further
draw a contour plot of the weld depth verses weld parameters for selecting suitable beam
parameters, with a root mean squared error 1.52 mm of predicted penetration depth. A similar
study can also be found from [95] [96].

According to the studies of X. Shen et al in 2009 [97], they also adopted BPNN to predict
weld bead dimensions, with maximum absolute-value error 6.6% of penetration depth for
1crl8nioti stainless steel, and furthermore they made a reverse neural network (NN) model to
estimate the weld parameters by the weld bead dimensions, with maximum absolute-value
error 23.6%. It seems the reverse model is not as reliable as the forward one because same

weld bead dimensions can be received by kinds of weld parameters.

In 2020, B. Choudhury and M. Chandrasekaran [98] compared the EB weld prediction
methods of statistical approach based response surface methodology (RSM) and Bayesian
regularization back propagation neural network, and they found that ANN shows a better
performance than RSM in EB weld area prediction of Inconel 825. Accelerating voltage 54-
60 kV, beam current 38-46 mA, weld speed 900-1200 mm/min and beam oscillation
frequency 200-600 Hz are considered in their study with 2% of average absolute percentage

deviation of the predicted weld bead area.
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2.5.2 ANN Applied for Mechanical Properties Predictions of Electron

Beam Welded Workpieces

K. Olszewska and K. Friedel [16] applied a particle probing device to detect backscattered
electrons, true secondary electrons, and ions during EBW of stainless steel. And these data
are set as inputs for a back propagation neural network (BPNN) to estimate a suitable EB
active zone in relation to workpiece surface. Their study illustrated that applying special
particle probing device and ANN is able to provide a suitable EB active zone position and the

predicted EB active zone position can be integrated into the EB machine system.

Mechanical properties such as Vicker's hardness, yield strength and ultimate tensile strength
of EB welded stainless steel were predicted by V. Dey et al [89] [86], and relevant reserve
ANN models were also made to estimate the weld parameters including beam current,
accelerating voltage and welding speed. The maximum predicted deviations of Vicker's
hardness, yield strength and ultimate tensile strength are around 8%, 13% and 17%, and their
suggested values of weld parameters provided by reverse model is only 7% difference
compared with experimental suggested values. Similar works have also been conducted by
their team to study the yield strength and ultimate tensile of EB weled disimlar materials:
stainless steel (SS 304) and electrolytically tough pitched (ETP) copper, and micro-hardness

of reactive material zircaloy-4.

L. Koleva and E. Koleva [99] built a BPNN model for predicting the defects of EB welded
stainless steel 1H18NT, such as spikings, in 2017. The inputs of the nerual networks include
electron beam power, welding velocity, the focusing distance (the distance between the main
surface of the magnetic lens of the electron gun and the beam focusing plane), and the
working distance (the distance between the main surface of the magnetic lens of the electron
gun and the sample surface). They adopted 69 experimental data and 12 verification data, and
their BPNN model successfully predicted the cases with defects. Their study shows that the
focusing distance and the working distance are important to improve the EBW defects
prediction accuracy of ANN.
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2.6 Limitations of Previous Weld Shape Prediction Methods

There are three main methods that usually applied to predict electron beam weld shape, i.e.
statistic methods (regression and empirical equations), numerical modelling (FEA and CFD)

and machine learning (neural networks).

Both statistic methods and neural networks require lots of trial-and-error tests. W. Giedt and
L. Tallerico [39] applied more than 20 experimental data to tune their empirical equation. 51
data were received from experiments of M. N. Jha et al [86] to tune the second order
regression equation and neural networks. L. Koleva and E. Koleva [99] adopted 69
experimental data and 12 verification data to predict the cases with defects. To develop a
reliable prediction model by these methods, the costs of trial-and-error tests cannot be
ignored. How to reduce the experiments for statistic methods or neural networks has not been

studied in previous research.

The number of experiments in advance is not required for most of numerical modelling
methods. However, most of numerical models to reproduce the weld profile are hard to be
deemed as the prediction models, as these models were usually developed after the EBW
process. Furthermore, relevant beam probing technologies were rare to be used in EBW

numerical modelling, which impairs the prediction accuracy.

The prediction range of previous models are also limited. For example, linear EB power
density ranges from 136.5 J/mm to 253.1 J/mm according to the studies of M. N. Jha et al
[86].

Typical average prediction errors of previous models are between 6% and 20% (weld
penetration depth), but the predictable limitation caused by the deviations in the process and
measurement has not been strictly discussed. Besides, the comparison of each prediction

methods was also missed in previous studies.

2.7 Summary

According to previous studies, the electron beam weld quality can be improved if the EB
machine operator can predict weld shape before moving to the welding process. Many
methods had been applied to predictions of electron beam weld shape. Among these methods,
statistic methods, numerical modelling and artificial neural network show a good prospect in

the weld shape prediction.
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The previous studies also proved that EB probing technology can improve the weld
consistancy and avoid uncertainty of beam quality. Therefore, it can be reasonably speculated
that the electron beam weld shape prediction model can be also improved by adding the beam
charateristics detected from beam probing technologies.

However, there are still some limitations of previous prediction models, such as low
prediction accuracy, complex preliminary preparation, costly and time consuming data
collection process, lack of beam probing data, small prediction range, etc. There was no
single method suitable for all prediction situations, so it is attractive to combine these

methods to reduce amount of training data and enhance the prediction accuracy.
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The electron beam characterization plays an important role in achieving a reliable and
accurate prediction of weld shape. This chapter illustrates the 4-slits beam probing
technology and the signal analyzing methods to acquire beam radius and beam energy
distribution, which are further analyzed to provide more useful information such as beam
focal conditions. These beam characteristics will be applied as variables in different
prediction models. The relations between beam radius and other beam parameters, such as
beam current, accelerating voltage and working distance, are also studied and discussed in
this chapter.

3.1 Electron Beam probing system (BeamAssure ™)

In this research the electron beam was characterized by a 4-slits probe, developed by The
Welding Institute (TWI), UK. The installation of the probing system, namely BeamAssure™,
is shown in Fig. 16, Fig. 30 and Fig. 31.

A sketch of electron beam probing system is illustrated in Fig. 30. The system contains EB
machine, EB probe, PC-based oscilloscope, computer, and waveform generator. The EB
probe should be installed inside the vacuum chamber of EB machine and connected to an
oscilloscope outside the chamber via the chamber interface. The probe working surface with

slits should be placed under the electron beam gun and perpendicular to the electron beam
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path. To provide accurate beam parameters, the probe working surface must be at the same
level of the surface of to-weld workpiece, as shown in Fig. 31. As described in previous
sections, the electron beam should be deflected rapidly to sweep over the slits of EB probe
for beam characterising. Therefore, a specific deflection pattern could be designed on the
computer and transformed to a series of signal to control the deflection coils in EB machine
through a waveform generator. The voltage signal of EB probe can be captured by an
oscilloscope and be visualized on computer screen, then the beam probing data can be further

analysed to predict weld shape.
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Fig. 30 Sketch of electron beam probing system.
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"1l Workpiece
to weld

Fig. 31 An example of placement of workpiece to weld and the 4-slits probe.

The user interface of BeamAssure™ electron beam characterising system is shown in Fig. 32.
Before starting beam characterising by using this system, several settings about weld
parameters need to be confirmed in advance, i.e. accelerating voltage, beam current, focusing
current range, working distance between EB machine chamber roof and probe surface, beam
radius range and beam radius x/y ratio range. The focusing current can be set with 10 values
therefore a beam caustic (beam radius verses focusing current) can be drawn by
BeamAssure™ system. The working distance should also be measured and determined as it
can affect the beam radius as well. Values should be given for beam radius range and x/y
ratio range, therefore a warning signal will be presented once the beam parameter falls

outside the desired range.

The raw data of BeamAssure™ is saved as a “.csv’ file for further data analysis. An example

of the recorded beam data is shown in Table 3. The beam characteristics include FWHM (full
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width of half maximum), FWHP (full width of half power), 1/e? width (width of 0.135 times
the maximum value), D86 (width of 86% beam power), D4Sigma (width of four times

standard deviation), etc.

TWI

I Beam sure BeamAssure

'y

TEM SETUP TEST DETAILS SULTS

BatchlD Re Result Status

Save Screen Shot _ BeamAssure - 2019_08_27 - 15_21_41 tdms Beam is within specification

to NCProglD Gra - e
Operator FWHM x (mm)

Job
MachinelD
2EB

o ated

atec
Accel

BeamCurrent (mA}

' ' !
-0.5 0 0.5
Beam Width (mm)

D4Sigma y (mm)

Fig. 32 User interface of BeamAssure™ electron beam characterising system.

Table 3 An example of raw data from BeamAssure™. beam current 45 mA, working distance 157 mm.

Accelerating
60 60 60 60 60 60 60 60 60
voltage (kV)
Beam current
45 45 45 45 45 45 45 45 45
(mA)
Working

] 157 157 157 157 157 157 157 157 157
distance (mm)

Focus Current
(mA)
X/Y Ratio
Error Limit 40 40 40 40 40 40 40 40 40

(%)

324 328 332 336 340 344 348 352 356
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X/Y Ratio
19 12 15 12 4 3 6 3 4

Error (%)

- FWHM x
-0.389 | -0.354 | -0.343 | -0.331 | -0.334 | -0.337 | -0.328 | -0.309 | -0.274

(mm)/2

FWHM x
0.389 | 0.354 | 0.343 | 0.331 | 0.334 | 0.337 | 0.328 | 0.309 | 0.274

(mm)/2

-FWHMy
-0.358 | -0.336 | -0.294 | -0.303 | -0.324 | -0.323 | -0.288 | -0.284 | -0.252

(mm)/2

FWHM y
0.358 | 0.336 | 0.294 | 0.303 | 0.324 | 0.323 | 0.288 | 0.284 | 0.252

(mm)/2

- 1/e"2 x
-0.647 | -0.586 | -0.56 | -0.539 | -0.52 | -0.516 | -0.496 | -0.455 | -0.439

(mm)/2
1/e"2 x (mm)/2 | 0.647 | 0.586 0.56 0.539 052 | 0516 | 0.49 | 0.455 | 0.439

-1/eM2y
-0.514 | -0.494 | -0.514 | -0.495 | -0.517 | -0.517 | -0.502 | -0.472 | -0.455

(mm)/2

1/en2y (mm)/2 | 0.514 | 0.494 | 0.514 | 0.495 | 0.517 | 0.517 | 0.502 | 0.472 | 0.455

- 10/90 x
-0.412 | -0.371 | -0.378 | -0.36 | -0.342 | -0.335 | -0.315 | -0.291 | -0.271

(mm)/2
10/90 x

0.412 | 0.371 | 0.378 0.36 0.342 | 0.335 | 0.315 | 0.291 | 0.271
(mm)/2
-10/90y

-0.326 | -0.314 | -0.339 | -0.321 | -0.332 | -0.326 | -0.313 | -0.294 | -0.281
(mm)/2
10/90y

0.326 | 0.314 | 0.339 | 0.321 | 0.332 | 0.326 | 0.313 | 0.294 | 0.281
(mm)/2
- 20/80 x

-0.274 | -0.246 | -0.246 | -0.236 | -0.23 | -0.228 | -0.216 | -0.2 | -0.185
(mm)/2
20/80 x

0.274 | 0.246 | 0.246 | 0.236 0.23 | 0.228 | 0.216 0.2 0.185
(mm)/2
-20/80y

-0.228 | -0.217 | -0.218 | -0.212 | -0.223 | -0.22 | -0.206 | -0.196 | -0.181
(mm)/2
20/80y

0.228 | 0.217 | 0.218 | 0.212 | 0.223 0.22 0.206 | 0.196 | 0.181
(mm)/2
- FWHP x

-0.222 | -0.199 | -0.199 | -0.19 | -0.186 | -0.184 | -0.176 | -0.163 | -0.151
(mm)/2
FWHP x

0.222 | 0.199 | 0.199 0.19 0.186 | 0.184 | 0.176 | 0.163 | 0.151
(mm)/2
-FWHPy

-0.186 | -0.177 | -0.173 | -0.17 | -0.178 | -0.178 | -0.165 | -0.157 | -0.145
(mm)/2

FWHP y 0.186 | 0.177 | 0.173 0.17 0.178 | 0.178 | 0.165 | 0.157 | 0.145
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(mm)/2
- D86 x

-0.478 | -0.431 | -0.451 | -0.424 | -0.395 | -0.383 | -0.357 | -0.328 | -0.308
(mm)/2
D86 x (mm)/2 | 0.478 | 0.431 | 0.451 | 0.424 | 0.395 | 0.383 | 0.357 | 0.328 | 0.308
-D86y

-0.366 | -0.352 | -0.393 | -0.369 | -0.378 | -0.37 | -0.358 | -0.337 | -0.33
(mm)/2

D86y (mm)/2 | 0.366 | 0.352 | 0.393 | 0.369 | 0.378 0.37 0.358 | 0.337 0.33

- D4Sigma x

-0.663 | -0.597 | -0.736 | -0.664 | -0.596 | -0.551 | -0.498 | -0.448 | -0.418
(mm)/2
D4Sigma x

0.663 | 0.597 | 0.736 | 0.664 | 0.596 | 0.551 | 0.498 | 0.448 | 0.418
(mm)/2
- D4Sigmay

-0.498 | -0.476 | -0.575 | -0.523 | -0.52 -0.5 | -0.478 | -0.456 | -0.448
(mm)/2
D4Sigmay

0.498 | 0.476 | 0.575 | 0.523 | 0.52 0.5 0.478 | 0.456 | 0.448
(mm)/2

3.2 BeamAssure™ 4-slits probe

The probe consists of slits in the x and y-directions. Under these slits a Faraday cup is
positioned, shown in Fig. 15 and Fig. 16, to measure voltage level [29]. The mutually
perpendicular slits b and c in Fig. 15 (b) measure the focal spot diameter and other two slits a
and d calculate beam deflection speed in the x and y-directions using Equation (6) and
Equation (7), where S, and S,, are the beam deflection speeds in the x- and y-direction,
respectively, Dy is the distance between the two slits in each direction and ¢, and t,, are the
time gaps between the two signal peaks. At the beginning of each measurement, the electron
beam is positioned at the intersection point of slits b and c, and is deflected to rotate
according to the dotted circle shown in Fig. 16(b). The signal processing methods are shown
in Fig. 33. Fig. 33(a) is a typical 4-slit probe voltage signal. The peaks of 1, 2, 4 and 5 are the
signal received from the four slits and peak 3 is used to determine the beam current level.
Peaks 2 and 4 refer to the upper two mutually perpendicular slits b and ¢ in Fig. 16(b). Peaks
1 and 5 are the signals received from slits a and d. The beam width profile of peak 4 is shown
in Fig. 33(b), with the x-axis transformed into distance by multiplying by the y-direction
deflection speed S,,. The beam spot characteristics, i.e. full width of half maximum (FWHM),
width of 0.135 times the maximum value (1/e? width) and width of four times standard
deviation (D4Sigma), can be generated from this profile. To determine the width of FWHM

or 1/e? width, two points of half peak value or 0.135 times the maximum value are found and
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the distance between these two points is FWHM or 1/e? width. D4Sigma is mathematically
defined in Equation (8), where 7 is the distance to the centroid of the beam profile, and i is
the beam profile function [29]. The profile of integral voltage is illustrated in Fig. 33(c),
which refers to the power accumulation. Width of 86% beam power (D86) is defined by the

distance between point of 7% power and point of 93% power in Fig. 33(c).
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Fig. 33 The signal analysis procedure of 4-slits electron beam probe. (a) The voltage signal received by probing

system. (b) The value determination of FWHM, 1/e® and D4sigma. (c) The value determination of D86.

After the beam radius is received, it is possible to select a suitable focusing current with the
given accelerating voltage, beam current and working distance. Otherwise the welding inputs
need to be modified and then repeat the beam probing procedures. The following sections
will illustrate how to apply different types of models to predict electron beam weld shape

based on the detected beam characteristics.
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3.3 Beam Radius Analysing

During the beam probing with a specific accelerating voltage and beam current, beam radii of
ten different focusing current are measured with a focusing current at a step of 4 mA. The
minimum radius can then be found and defined as the sharp-focus. When the focusing current
is higher than that of sharp-focus, it is defined as the over-focus situation and when lower

than the sharp focus current, it is the under focus situation.

Before each welding, the focusing current of sharp focus has to be detected therefore the
focusing situation (sharp-focus, over-focus or under-focus) of this weld can be known. It
should be emphasised that, for a given accelerating voltage and beam current, the beam
radius of sharp focus may vary in different probing processes, especially when a new EB gun

filament is replaced.

The probing data of each case is shown in Fig. 34, and the red dots in figures represent the
sharp-focus data. It can be found that some sharp focus beam radii are even larger than some
unfocused radii, because they are not detected from one probing process, but the focusing
current required to achieve the focused beam was approximately constant over the range of

beam currents being investigated.

(a) 40 kV, 25 mA (b) 40 kV, 30 mA
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Fig. 34 The mean 1/e? beam radius detected by BeamAssure™ 4-slit probe, with different accelerating voltage,

beam current and focusing current. The red dot means the sharp focus detected by the probe.

53



Chapter 3 Beam Characterization

Fig. 35 shows the effect of focussing current on achieving a minimum beam radius, where the
beam current is 25 mA. Important to note is that as the accelerating voltage increases, the
beam radius decreases and the focussing current increases. From plots such as these, the
sharp focus positions were identified, for a given accelerating voltage (approximately 290,
320 and 360 mA for 40, 50 and 60 kV respectively) and from these points under and over
focussed conditions were achieved by set different focussing current (set the focussing

current difference from the current of sharp focus, in unit mA).

Fig. 36 plots the focussed beam sizes for all beam currents and accelerating voltages from
which it is clear that the beam size increases as the beam current increases and the
accelerating voltage decreases. The approximate range of the beam radius was 0.2 to 0.85
mm, for conditions of 60 kV, 25 mA and 40kV, 45 mA respectively. Fig. 35 and Fig. 36
highlight the potential problems arising when beam dimensions are not measured. Beam
radius cannot be inferred from the beam power alone and there is considerable sensitivity of

the beam radius to inaccurate or inconsistent focussing.
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Fig. 35 The effect of accelerating voltage and focussing current on the beam radius (for a beam current of
25mA).
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Fig. 36 The effect of accelerating voltage and beam current on the focussed beam radius.

3.4 Limitations

There are some limitations of using BeamAssure™ system, which may affect the beam
characterising performance. The beam caustic of beam radius versus working distance (the
distance between the main surface of the magnetic lens of the electron gun and the sample
surface), which is deemed as the beam convergence angle, cannot be directly detected by
current beam probing system. The only method to detect beam convergence angle by the 4-
slits probe is to adjust the height of the probe and record beam radius of each position
manually, which seems to be cumbersome. However, studies have shown that the beam
convergence angle has a significant influence on weld profile dimensions [38]. When
changing the working distance, the convergence angle of the beam is also changed and then
will affect the EB weld profile. Fig. 37 shows two weld cross section profiles captured by
optical microscope with similar weld parameters (Accelerating voltage: 60 kV, beam current
40 mA, welding speed 600 mm/min and 1/e? beam radius around 0.4 mm) and different weld
distance (235 mm and 157 mm from the workpiece surface to the chamber roof). It can be
seen that the second weld with shorter working distance provide much deeper penetration of
fusion zone. Therefore, in following sections, the working distance will be kept constant to

avoid the influence of convergence angle variation.
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1mm

Fig. 37 Weld cross section profiles with similar weld parameters and different working distance. Working
distance of 235 mm (left) and 157 mm (right).

In addition, excessively high beam power intensity may also damage the probe and affect the
beam characterization results. In this study, the peak linear power is controlled under 324

J/mm to avoid any damage to the probe.

3.5 Summary
This chapter introduced how to adopt the 4 slits probe to detect beam radius and beam energy
distribution. The 4 slits probe can provide useful beam characteristics and be compatible with

wider range of beam energy.

Based on essential signal analysing, it has been shown that the 4 slits probe is able to provide
several beam width characteristics at x and y directions, such as FWHM, D86 width, 1/e2
width, etc. These beam characteristics could help to reduce the uncertainty during weld shape

prediction.
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The relations between mean beam radius (average the beam radii at x and y directions) and
other beam parameters, i.e. beam current and accelerating voltage, were studied in this
chapter. It was found that with increase of beam current and decrease of accelerating voltage,
the achievable minimum mean beam radius was increased. With larger beam radius, the beam
power intensity was reduced therefore the achievable penetration depth was also reduced.

This finding could be a good reference for tuning beam parameters in future EBW.

This study also found that different working distance will affect the electron beam weld shape.
When the working distance is lower, with same weld parameters and beam radius, the
penetration depth is deeper. This is caused by the difference of the beam convergence angle.
However, this 4 slits probe cannot detect the beam convergence angle automatically, which

would be one main limitation of current probing system.
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Partially Penetrated Situation

Several methods for predicting weld dimensions for partially penetrated situation are
introduced in this chapter, including statistic methods, a CFD model, and neural networks.
The advantages and disadvantages of each prediction method are summarized. To increase
the prediction accuracy, a number of solutions can be adopted, such as increasing the training
data, add more variables to tune the models, etc. A reliable and efficient prediction model can
be selected based on the results presented in this chapter.

4.1 Introduction

Partially penetrated weld is an important part of EBW as it can avoid molten pool collapsing
during welding and provides a suitable fusion zone pattern. The quality of partially penetrated
electron beam welds is largely determined by the weld shape and penetration depth, and it is
desirable to estimate the relevant weld profile dimensions before conducting welds. A
suitable weld shape will enhance the mechanical properties and avoid defects. A common
defect observed in partially penetrated welds is something called spiking, which refers to the
uneven weld bead roots, causing stress concentration at weld bead. This defect can be
removed by post processing procedures such as milling of weld bead root, but this requires
that the weld bead penetration depth reach a certain value to confirm the weld bead root can

58



Chapter 4 Weld Shape Prediction of Partially Penetrated Situation

be milled. According to BS ISO Standards 13919-1:2019 [100], the common depth deviation
to avoid lack of penetration defects should be controlled under 0.15 times of workpiece
thickness or 1 mm, whichever is smaller. It means there is a direct demand of developing

reliable EBW penetration depth prediction technology.

The partially penetrated EBW has been usually adopted for steel joining and especially used
for ship manufacturing, nuclear industry, etc. In this section, mild steel S275JR is selected for
the partially penetrated experiments and to verify the feasibility of different prediction
methods, i.e., empirical equations, second order regressions, artificial neural networks and
CFD. The prediction procedures are illustrated in Fig. 38 and the key approaches are

summarised below:

1. Weld enough S275JR samples and measured the key dimensions to build datasets,
making correlation between weld bead dimensions and EBW parameters

2. Choose a part of data to train prediction models, including empirical equations,
second order regressions, artificial neural networks and CFD models.

3. Apply the trained model to predict the rest data.

Dimension data measured from experimental samples of
S275JR mild steel
Empirical equation 2-order regression ANN CFD

Dimension data for verification

Fig. 38 Methods of weld dimensions prediction.

The following contents of this section focus on the introduction of weld dimensions

prediction of partially penetrated EBW.

4.2 Experiments

Welding experiments were carried out using an EB machine developed by Cambridge
Vacuum Engineering (serial no. CVE 661, maximum power 4 kW and maximum voltage 60
kV). Experimental conditions were varied between 40 - 60 kV accelerating voltage, 25 - 45
mA beam current and a welding speed of 500 - 700 mm/min, at a vacuum level of 10° mbar.

The EB linear power was controlled form 86 JJmm to 324 J/mm. The focusing currents were
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varied between 277 mA and 369 mA, leading to over-focus, sharp-focus and under-focus
conditions. Over-focus, sharp-focus and under-focus refer to the beam focal position above,
at, and below the level of sample surface, respectively. The working distance, which was
measured from the chamber roof to the workpiece surface, was 157 mm. The beam radius, as

defined earlier, was measured by the 4-slits probe. The mean beam radius was calculated by:

0 = \/X1/e2 " Y1/e2 (9)

where x, /ez and y, sz are the beam 1/e? radii in the x and y directions.

A test was conducted to determine the difference between machine input values and actual
output values, including accelerating voltage, beam current, focusing current and CNC

moving speed, shown in Table 4.

Table 4 The test of difference between demand output and actual outputs caused by errors of EB machine

system.
Demand output Actual output Deviation
Focusing current 330 mA 331.84 mA 0.56%
Beam current 18 mA 18.25 mA 1.39%
Accelerating voltage 60 kV 60.13 kV 0.22%
CNC moving speed 500 mm/min 508.91 mm/min 1.78%

S275JR mild steel was used as the substrate material, with dimensions of 100 x 75 x 20 mm
and its chemical composition is shown in Table 5 [101]. Two groups of bead-on-plate welds
were produced. A sketch of the welding trials is shown in Fig. 39. The welding parameters
are listed in Table 6 and Table 7. Four parameters, i.e. accelerating voltage, beam current,
welding speed and focusing current, were selected as independent variables. To be as
efficient and transparent as possible, an orthogonal experimental design approach was used to
reduce the number of tests from 375 to 69 (T1-T69) using the commercial software SPSS.
Additional welds (C1 - C30 in Table 6) were produced to verify the accuracy of the different
predictive methods. The welding parameters in these trials were selected to cover a wide

range of new welding parameter combinations.

Four welds were conducted on each steel plate with a two-minute delay between each weld to
minimise overheating of the substrate. The difference in substrate temperature from the first
to last weld on a given plate, was less than 60 °C, shown in Fig. 40. The welded work pieces

were sectioned along the cut paths shown in Fig. 41, ground, polished and etched, using a 5%
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nital solution, to reveal the fusion zone and allow the penetration depth to be measured from

images taken on an optical microscope, processed using ImageJ.

Table 5 Chemical composition of S275JR (all values are in mass %).

C Si Mn P S Ni Cr Mo Cu Al Fe Bal.

0.186 0.245 0.653 0.010 0.005 0.167 0.078  0.028 0.319 0.011 98.30

Electron beam gun

Focusing coil

\ l@

X
Molten poo y
Weld sea
Welding specimens

Fig. 39 Schematic of EB welds on a S275JR mild steel plate.

350°C
200°C
250°C
200°C
150°C \
100 °C "\

50°C

Workpiece temperature / °C

o:40 @:50 2:51 a:52 0:53 a:54 55 9:56 9:57 o:58 a:52 10am 10:0

Time / min

Fig. 40 Thermocouple data to show the initial temperature difference of each weld on a single plate.
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Fig. 41 Schematic of the layout of the weld paths and cut sections.

An additional test was made to determine the impact of temperature increase on fluctuation of
penetration depth and the reproducibility of the EBW process. Four welds with same weld
parameters on one plate were conducted and each weld bead was cut and measured at cut
position a and b shown in Fig. 41. The weld bead dimension measurements of the

reproducibility test are shown in Fig. 42. The measured average depth is 7000.93 um and
standard deviation is £134.70 um (+1.92%). The measured average top width is 3479.12 um
and standard deviation is £202.81 um (+5.83%).
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3781.77
3273.46 ym

1086.96 pm

(114570 um B

S 893.80 ym
1007.70 ym

e 3362.79 pm 3573.30 ym

, 2106.01 pm [ 2561.22 ym|
» 1879.56 pm J

3 : 1236.95 pm
| S [ 1236.95 ym)
1053.05 pm 2 5, 5

89.80 m

Fig. 42 Weld bead dimension measurements of reproducibility test from microscope images. Accelerating

voltage: 60 kV, beam current 40 mA, welding speed 600 mm/min, focusing current 312 mA.

Example of weld bead dimension measurements taken at each of the 5 cutting positions
within one sample is shown in Fig. 43. The mean penetration depth, top width and the
standard deviation were determined based on these measurements. Weld bead dimension data

are summarised in Table 6 and Table 7.

The average, maximum and minimum absolute deviation of measured penetration depth are
2.62%, 7.39% and 0.94% respectively. The average, maximum and minimum absolute
deviation of measured top width are 3.43%, 5.45% and 0.85% respectively. The accumulated

error can be expressed by

T G Gy () + (G 10
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A . .. . . . . A .
where =2 js deviation of the measuring dimensions of a single weld, % is the error when

S m

A
J, Po

measing from a single image by using Image is deviation caused by different initial

temperature, and Ag; is deviation caused by errors of EB machine system. The total error in
the measured dimensions, for a given set of welding parameters, has been estimated from the
sum of the individual errors. These errors originate from the variance in machine input and
achieved parameters (£ 2-3%), the measurement method from the microscope images
(x<0.5%), the average variation measured at different weld positions (£ 2-6%) and the
variation estimated from fluctuations in substrate temperature (x 1.5-2%). The overall
accumulated error was estimated to be approximately + 4% for penetration depth and = 7%

for top width.

@) e BN B B

Fig. 43 Weld bead dimension measurements at each sample point for a given sample, taken from microscope

images.

Table 6 Welding parameters and measured penetration depth for each trial in Group 1. Penetration depth

varies from 3.12 mm to 10.73 mm. Top width varies from 1.82 mm to 3.83 mm.

Focusing Beam radius  Beam radius
Weld Accelerating Beam Welding current and (1/e? width (1/e? width Measured Measured
No voltage U current speed S relative sharp ox) at x o)) aty penetration top width
’ (kV) I (mA) (mm/min)  focus current direction direction depth (mm) (mm)
ltr (MA) (mm) (mm)

T1 60 25 500 347 (sharp- 0.525 0.348 532 +007 3.70 +0.18
focus -8)

T2 60 30 550 353 (sharp- 0.309 0.303 859+029 322+015
focus -4)

T3 60 45 700 258|(sharps 0.377 0.425 871+014 3.254+027
focus +8)

T4 60 35 600 35120(;::;'0_ 0.295 0.340 9.11+0.18 3.27 +0.23

TS 50 35 700 2L G 0.361 0.410 500+020 2.74+015
focus +4)

T6 50 25 600 816 (sharp- 0.436 0.345 459+015 255+ 0.10
focus -4)

T7 50 40 500 228 (sharps 0.437 0.535 6.56 + 0.14  3.60 + 0.18
focus +8)

T8 50 45 550 812 (sharp- 0.494 0.586 7364014 3.83 +0.18
focus -8)

T9 50 25 650 PG 0.279 0.349 513000 234 +0.03
focus +8)
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T10

Ti1

T12

T13

T14

T15

T16

T17

T18

T19

T20

T21

T22

T23

T24

T25

T26

T27

T28

T29

T30

T31

T32

T33

T34

T35

T36

T37

T38

T39

T40

T4l

T42
T43

50

50

50

50

50

40

40

40

40

40

50

50

40

40

40

60

60

60

60

60

60

60

60

60

60

40

40

40

40

40

40

40

40
50

40

30

30

45

35

25

40

45

35

30

30

40

25

45

35

45

45

40

40

35

35

30

30

25

25

45

40

40

35

35

30

25

25
45

550

700

650

600

500

550

700

500

650

600

550

700

700

650

500

600

550

500

650

700

650

700

600

550

650

550

600

500

550

700

550

500

600
650

320 (sharp-
focus)
312 (sharp-
focus -8)
320 (sharp-
focus)
324 (sharp-
focus +4)
316 (sharp-
focus -4)
289 (sharp-
focus +4)
286 (sharp-
focus -4)
290 (sharp-
focus)
277 (sharp-
focus -8)
298 (sharp-
focus +8)
324 (sharp-
focus +4)
312 (sharp-
focus -8)
293 (sharp-
focus +8)
286 (sharp-
focus -4)
285 (sharp-
focus)
348 (sharp-
focus -8)
352 (sharp-
focus -4)
358 (sharp-
focus)
350 (sharp-
focus -8)
359 (sharp-
focus +4)
347 (sharp-
focus -8)
352 (sharp-
focus -8)
368 (sharp-
focus +8)
369 (sharp-
focus +8)
357 (sharp-
focus -4)
278 (sharp-
focus -8)
294 (sharp-
focus +8)
286 (sharp-
focus)
289 (sharp-
focus +4)
293 (sharp-
focus +8)
285 (sharp-
focus)
285 (sharp-
focus -4)
281 (sharp-
focus -8)
314 (sharp-
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0.430

0.464

0.326

0.528

0.388

0.267

0.557

0.683

0.440

0.495

0.315

0.471

0.370

0.636

0.438

0.496

0.455

0.296

0.366

0.243

0.305

0.280

0.328

0.334

0.222

0.550

0.616

0.539

0.454

0.525

0.339

0.284

0.364
0.444

0.466

0.394

0.304

0.599

0.402

0.364

0.654

0.826

0.556

0.535

0.345

0.524

0.452

0.794

0.509

0.502

0.472

0.316

0.38

0.304

0.331

0.298

0.357

0.382

0.233

0.690

0.699

0.707

0.553

0.60

0.43

0.358

0.392
0.572

6.93 £0.21

525 +0.12

6.44 + 0.14

6.17 + 0.13

7.54 +£0.19

4.30 £0.12

4.03 £ 0.09

4.74 £ 0.13

422 + 013

3.12 £ 0.06

6.59 + 0.11

6.53 + 0.13

3.36 £ 0.13

4.14 £ 0.10

4.69 £ 0.15

10.12 + 0.36

10.73 + 0.18

10.28 + 0.14

9.94 £0.24

8.34 £0.27

8.97 £0.28

8.36 +0.30

6.23 £ 0.12

5.33 £0.15

7.75 + 0.15

4.52 + 0.07

3.79 £ 0.02

5.18 + 0.08

4.37 £ 0.07

3.31 £ 0.06

4.41 +0.06

4.30 £0.09

3.39£0.11
6.52 + 0.14

3.24 £ 0.13

2.98 £ 0.10

2.65 +0.08

3.53 £+ 0.17

3.45 + 0.09

2.28 £ 0.31

293 +0.31

3.76 + 0.26

2.98 £ 0.27

3.03 £ 0.11

2.75 +0.15

3.15+0.22

2.25+0.08

3.62 £+ 0.11

3.31+0.16

2.62 + 0.08

2.61 +0.04

2.64 + 0.09

242 £ 0.05

2.12 £ 0.03

2.42 + 0.05

1.96 + 0.05

260 £0.11

2.66 +0.13

1.82 + 0.02

3.41 +£0.12

3.02 £ 0.07

3.02 £ 0.04

278 £ 0.11

2.45 + 0.04

2.47 £ 0.09

2.26 £ 0.04

2.25+0.04
3.18 £ 0.21
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T44

T45

T46

T47

T48

T49

T50

T51

T52

T53

T54

T55

T56

T57

T58

T59

T60

T61

T62

T63

T64

T65

T66

T67

T68

T69

50

50

50

50

50

50

50

50

50

50

40

40

40

40

40

40

60

60

60

60

60

60

60

40

60

60

45

40

35

35

30

25

25

45

40

30

40

35

30

30

25

45

45

30

35

25

40

25

45

30

35

40

500

650

650

600

500

500

700

700

600

600

550

600

500

650

650

700

650

500

550

700

600

600

650

700

500

700

focus -4)
326 (sharp-
focus +8)
324 (sharp-
focus +4)
328 (sharp-
focus +8)
320 (sharp-
focus)
332 (sharp-
focus +8)
317 (sharp-
focus -8)
325 (sharp-
focus)
318 (sharp-
focus)
328 (sharp-
focus +8)
328 (sharp-
focus +4)
290 (sharp-
focus +4)
281 (sharp-
focus -4)
289 (sharp-
focus +4)
281 (sharp-
focus -4)
289 (sharp-
focus)
282 (sharp-
focus -4)
344 (sharp-
focus -8)
364 (sharp-
focus +4)
363 (sharp-
focus +8)
361 (sharp-
focus)
350 (sharp-
focus -8)
361 (sharp-
focus)
352 (sharp-
focus -4)
277 (sharp-
focus -8)
363 (sharp-
focus +8)
358 (sharp-
focus)
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0.495

0.370

0.332

0.304

0.375

0.348

0.201

0.447

0.423

0.278

0.589

0.431

0.342

0.370

0.271

0.591

0.516

0.250

0.294

0.187

0.366

0.187

0.455

0.428

0.294

0.296

0.605

0.434

0.372

0.366

0.407

0.337

0.258

0.552

0.484

0.352

0.663

0.546

0.432

0.462

0.349

0.717

0.517

0.322

0.338

0.230

0.380

0.230

0.472

0.458

0.338

0.316

6.83 £ 0.19

6.30 + 0.21

574 £0.18

6.81 + 0.18

5.48 +0.19

529 +0.11

577 £0.10

6.42 + 0.14

5.94 + 0.05

5.87 £ 0.08

4.55 + 0.04

4.45 + 0.02

4.43 £0.16

3.83 £0.16

3.89 £0.07

4.59 £ 0.10

9.72 £ 0.08

7.78 £ 0.18

8.36 £ 0.20

6.98 + 0.14

1040 + 0.24

7.14 + 0.20

9.91 +0.28

3.14 +0.06

8.61 £0.15

8.72 £ 0.28

3.33+0.14

2.64 £ 0.09

2.45 + 0.05

2.46 + 0.07

2.60 £ 0.10

2.45 + 0.05

1.87 + 0.03

2.74 £ 0.10

2.77 £0.10

2.15 + 0.07

2.98 +0.13

2.85 + 0.05

2.67 + 0.03

2.43 £ 0.08

2.02 £ 0.08

2.98 + 0.07

2.86 + 0.05

2.53 £ 0.08

249 £+ 0.04

1.86 + 0.07

2.48 + 0.05

1.94 + 0.10

2.49 £ 0.05

2.44 +0.02

272 +£0.14

2.29 £ 0.09
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Table 7 Welding parameters and measured penetration depth for each trial in Group 2. Penetration depth

varies from 3.2 mm to 10.42 mm. Top width varies from 1.73 mm to 3.31 mm.

. . Beam
Focusing Beam radius radius
Weld Accelerating Beam Welding current and (1/e? width (1e? width Measurgd Measured top
No. voltage U current speed_S relative sharp c_rx) atx o) aty penetration width (mm)
(kV) I (mA) (mm/min) focus current direction S depth (mm)
direction
I (MA) (mm)
(mm)
c1 40 45 650 280 (sharp- 0.571 0704 4244009 3.9 +0.09
focus -6)
c2 40 30 700 293 (sharp- 0.413 0467  320+005 217 +0.02
focus +8)
c3 50 40 700 316 (sharp- 0.377 0455  6.36+009 2.72+0.10
focus -4)
ca 50 30 550 320 (sharp- 0.266 0277 6954019 2.31+0.08
focus -4)
c5 60 45 500 340 (sharp- 0.520 0.517 1066+ 543,011
focus -8) 0.17
C6 60 40 500 362 (sharp- 0.339 0369 9554026 274 +0.08
focus +4)
c7 60 40 700 354 (sharp- 0.330 0346 9364027 2.28 +0.12
focus -4)
351 (sharp- 10.42 +
c8 60 35 500 oot 0.261 0.304 " 248 +0.13
C9 60 30 650 36?0(§'Sgp' 0.208 0277  810+0.18 208+ 0.7
C10 50 35 500 312 (sharp- 0.407 0439 6334020 3.07 +0.03
focus -8)
c11 50 25 550 829 (sharp- 0.251 0319  556+010 208 +0.07
focus +4)
Cc12 40 45 700 294 (sharp- 0.778 0001 3514010 3.14 +0.09
focus +8)
c13 40 40 650 248 el g 0.501 0622  431+008 3.06+006
focus -8)
cl14 40 25 500 293 (sharp- 0.333 0400 3624011  2.32 +0.04
focus +4)
Cc15 40 35 600 ngo(csj‘grp' 0.435 0540 4554007 274 +0.14
C16 60 40 600 366 (sharp- 0.401 0423 7774016 274 +0.15
focus +8)
c17 60 25 500 98 (Gl 0.312 0266  804+026 2.16 + 0.05
focus -8)
c1s 60 35 550 351 (sharp- 0.261 0.304 10052 53,007
focus -4) 0.35
Cc19 40 45 650 ZS?O(L:SSSrp_ 0.631 0794 4374005 2.93 +0.08
C20 40 45 650 290 (sharp- 0.702 0.820  408+004  3.06 +0.09
focus +4)
c21 40 35 650 277 (sharp- 0.450 0571 3754005 290+ 0.07
focus -8)
c22 40 30 600 293 (sharp- 0.413 0467  3.60+007 234 +008
focus +8)
c23 50 30 700 B15\(Snrps 0.336 0350 5454013 221 +0.10
focus -8)
c24 50 25 650 321 (sharp- 0.246 0274  591+044  1.95 +0.10
focus -4)
C25 50 35 600 32]90(5::;"' 0.304 0366  7.01+025 254 +0.11
C26 50 40 550 324 (sharp- 0.370 0434  6.84+031 279+0.10
focus +4)
c27 50 45 500 825\(Snerps 0.495 0.605  7.26+0.25 3.28 +0.15
focus +8)
c28 60 25 650 357 (sharp- 0.222 0233 7474023 1734005
focus -4)
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364 (sharp-

c29 60 30 550 0.250 0322 7494020  2.35 £ 0.05
focus +4)

C30 60 45 600 340 (sharp- 0.520 0.517 1036+ 5454008
focus -8) 0.23

4.3 Empirical Equation Penetration Depth Prediction

4.3.1 Depth Prediction by Using Normalized Power Equation
The predicted penetration depth D,,, by normalized energy inputs is developed in [45] and is

given in equation:

— CQin

Dpn \/E (11)
Qn=U"-1 (12)

where Q;,, is the total power of the electron beam in unit Watt, U is the accelerating voltage, I
is the beam current, S represents the welding speed in mm/min and o is the beam radius
defined in Equation (9) in millimetre. C is a constant determined by regression method.
According to the regression analysis from T1-T69 shown in Fig. 44, C is 0.5587 so that
Equation (11) can be transformed to

Qin
VoS
Equation (13) is applied to predict the depths of C1-C30, and the results are shown in Fig. 45.

D,, = 0.05587 (13)

The maximum absolute percentage deviation is 19.6% and the average absolute percentage

deviation is 8.5%.

The largest deviations of the fitting occur at case T19 (+22.13%) and T31 (-15.4%).

Removing isolated data with lowest and highest percentage deviation, Equation (13) is

changed to D,,, = 0.0557 %, and R? is changed from 0.9908 to 0.9912. Removing outliers

has limited influence on equation tuning.
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Fig. 44 Regression analysis of Equation (11) based on data of T1-T69.
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4.3.2 Depth Prediction by W. GIEDT Empirical Equation
The penetration depth can be predicted using an empirical equation developed in [42] given
by:

Y =6-X° (14)
x=39 (15)

a

_ Qin
Y = kO (16)

where Q;,, is the beam power (U, the accelerating voltage multiplied by I, the beam current),
o is the beam radius, D, is the predicted penetration depth, « and k are the thermal
diffusivity and thermal conductivity, 8,, is the difference between the melting temperature
and ambient and S is the welding speed. § and & are constants and can be determined by
fitting a power law to experimental data. The relevant material properties used in this
empirical equation are listed in Table 8 and are taken at room temperature.

Table 8 Material properties for S275JR.

Physical property Value
Thermal conductivity 52.11 W/(m K)
Density 7840 kg/m3
Latent heat of fusion 250000 J/kg
Melting temperature 1761 K
Specific heat capacity 830 J/(kg K)

Based on fitting to the data for T1-T69, shown in Fig. 46, the expanded empirical equation
can be given by:

0.5682
Qin

_ . 6. .
Dpe = 4.8383-10 - 9M (S . 0.)0.5682

(17)

The penetration depths predicted using Equation (17) are compared with measured depths

from Group 2 (C1-C30) in Fig. 47. Despite the relatively poor fit for the experimental data to
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the empirical model, predictions are accurate. The average absolute percentage deviation is

6.71% and the maximum absolute percentage deviation is 20.74%.

The largest deviations of the fitting occur at case T19 (+17.28%) and T60 (-19.1%).

Removing isolated data with lowest and highest percentage deviation, Equation (17) is

0.5732 Qin

changed to D,,, = 5.1221 - 10° - =

k'eM (5.0-)0.5732’

and R? is changed from 0.991 to 0.9913.

Removing outliers have limited influence on equation tuning.

H. Hemmer and @. Grong applied a similar regression method to predict the welding depth of
grade 2 titanium, aluminium alloy AA 5052 and duplex stainless steel SAF 2507, and the
maximum uncertainty in their predictions varied between 15% to 25% [44], similar to those
found in this study. The use of the beam width, instead of the weld bead top width does lead
to significant improvements in the accuracy of the predictions. Our own use of this approach,
substituting the weld bead top width (measured as shown in Fig. 43) for the beam width in
Equation (15), resulted in an average deviation of 14.5% and a maximum deviation of 47.5%.
Similar high maximum deviations (40%) were also observed for this same approach in [39].
This outcome demonstrates a clear benefit of adopting techniques to measure the beam
dimensions and to measure them in process. Standardising the measuring approach and the
definition of the beam radius is also likely to improve the translation of this model between
machines. A key limitation of this model is that the material properties inputted are

independent of temperature.
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Fig. 47 Depth calculated using Equation (17) compared with measured depths (C1-C30).
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4.4 Second Order Regression Weld Dimensions Prediction

A second order regression analysis of the experimental data was carried out using
commercial software SPSS to establish the input—output relationships. The form of the

regression equation is given by:

Kk Kk Kok
Y = 50+Z.BiXi+ZﬁiiXi2 +ZZﬁinin+€e (18)
i=1 i=1

i=1 i<j

where &, represents the error in fitting and the S terms are coefficients.

An example for the depth prediction based on a second order regression of data T1-T69, for
variables of accelerating voltage U, beam current I, welding speed S, 1/e? radius in the x
direction and y directions, ignoring the insignificant terms, is given by Equation (19). The
penetration depths calculated by Equation (19) are compared with the measured data (C1-C30)
in Fig. 48. The average absolute percentage deviation is 5.97% and the maximum absolute

percentage deviation is 22.28%.

The regression approach allows all combinations of variables to be included in the analysis.
Reducing this to the accelerating voltage U, beam current I, welding speed S, and beam
radius, gives an average absolute percentage deviation of 6.63% and a maximum absolute
percentage deviation of 27.53%. Increasing it to include the relative focussing current gives
an average absolute deviation of 4.88% and a maximum absolute deviation of 14.92%. A

summary of the accuracy of all the predictions is presented in Table 14.

D, = 6.29 x 1072U — 2.318 x 1073U? — 1.283 x 107?]?
—3.525 x 10"} 2 + 1.53 x 107U + 1.322 x 10*US
+3.711 X 107 Ux; 2 — 9.31 X 107 Uy 2
— 4.277 x 107*1S + 9.346 X 107" Ix, o2 (19)
+3.832 X 107 1x; o2 — 3.349 X 10728, /2
+4.079 X 10728y, /o2
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Fig. 48 Depths calculated by Equation (19) compared with measured depths (C1-C30).

The prediction accuracy for the second order regression is slightly improved compared to the
empirical equations, more so if a greater number of variables are considered. It should be
emphasised that the input values for the prediction should not exceed that used in the
regression as the prediction accuracy may drop significantly or even become physically
unrealistic. For example, when the accelerating voltage, beam current, welding speed and
beam radii are 60 kV, 10 mA, 600 mm/min and 0.3 mm, the depth predicted by Equation (19)

is -2.47 mm. In contrast, it is 2.489 mm when calculated using Equation (17).

Similar method can also be used to predict the top width of weld bead. An example for the
top width prediction based on a second order regression of data T1-T69, for variables of
accelerating voltage U, beam current I, welding speed S, 1/e? radius in the x direction and y

directions, ignoring the insignificant terms, is given by Equation (20).
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D, = 2.246 X 1071 — 1.736 X 10735 + 1.317 x 10", .2
—1.632 X 10y, ez — 1.925 x 107312 — 1.51 x 103U
+1.434 X 107 Uy, g2 — 3.54 X 1071x, o2 (20)
+3.116 X 10y, 2

The top widths calculated by Equation (20) are compared with the measured data (C1-C30) in
Fig. 49. The average absolute percentage deviation is 6.97% and the maximum absolute

percentage deviation is 22.56%.

22.56%

y=1.0444x
R*=0.9964

. -6.63%

Predicted top width (mm)
[ ]

0.5

0 0.5 1 15 2 25

Measured top width (mm)

Fig. 49 Top widths calculated by Equation (20) compared with measured top widths (C1-C30).

Similarly, the regression approach of top width prediction also allows all combinations of
variables to be included in the analysis. A summary of the accuracy of all the predictions is
presented in Table 15. Similar to the depth prediction, adding beam characteristics detected
by beam probing technology as variables can significantly improve the prediction accuracy of
second order regression. However, the average variation of top width measured at different
weld positions is much higher, causing the accumulated error reaching to around 7%. It can
be found that the accuracy improvement of top width prediction by adding additional
variables in second order regression is not as significant as the depth prediction equation.

Beside of the equations tuned by variables of accelerating voltage U, beam current I and
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welding speed S, the rest second order equations all provided a prediction accuracy around

7%, which means the prediction performance cannot be further improved.

4.5 CFD Penetration Depth Prediction

Analytical models provide an over-simplification, not least assuming constant materials
properties with temperature leading many researchers to try to apply numerical models to
gain additional, often qualitative rather than quantitative, insight into the electron beam
welding process. Furthermore, to tune the regression equations, it usually requires massive of
trial-and-error tests to improve the accuracy, which is difficult in most industrial scenario. To
overcome these limitations, 3D computational fluid dynamics (CFD) to model molten pool
flow patterns and weld bead geometries seems to be an effective method to predict EBW
penetration depth.

Fig. 50 illustrates the main forces worked on the molten pool surface during deep penetrated
EBW. As the energy is released when electrons impact the surface of the metal to be welded,
the parent metal starts to melt and then a molten pool is generated. VVapor pressure, liquid
pressure, vapor friction, liquid shear force and Marangoni shear force will work at the
interface of molten pool and contribute to the generation of a deep and narrow keyhole. These

phenomena will be reproduced in the CFD model to predict the weld depth.

Unlike some CFD models introduced in Chapter 2, whose main purposes are to study the
keyhole dynamics or molten pool velocity field, the main task of the CFD model in this
section is only to predict the weld depth, which means the mesh size can be increased to some
extent and some molten flow details can be neglected. These features enhanced the efficiency
of CFD penetration depth prediction.
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Fig. 50 Main forces worked at the molten pool interface during EBW.

4.5.1 CFD model configuration

Computational fluid dynamics modelling was carried out by using ANSYS Fluent 2020R2
with user-defined functions (UDF) written in C++. Mesh design of the model can be found in
Fig. 51. The mesh size decreased from the outer elements to the inner elements close to the
weld seam. It is found that when meshing size is below 0.2 mm the average simulated
penetration depth would not vary after 0.8 second weld time. This led to the use of 453900
hexahedron elements with a minimum edge size of 0.15 mm. To improve the efficiency of
prediction and to avoid non-convergence problem, the simulation time step is fixed at 0.5 ms

and the total simulation time was 2 s.
In the simulation, the following assumptions and simplifications were adopted:

e The molten pool is assumed to be a laminar, incompressible and Newtonian fluid.

e The electron beam power intensity was assumed to be of an ideal Gaussian distribution.
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‘m 4

Fig. 51 Model dimensions setup and mesh design.

The materials properties for S275JR that applied in CFD model are listed in Table 9.

Table 9 materials properties for S275JR applied in CFD model [102] [103] [104].

Physical property Value
Thermal conductivity | 52.11 W/(m*K) at 300K
Density 7840 kg/m3

Latent heat of fusion 288482 J/kg
Solidus temperature 1743 K
Liquidus temperature 1788 K
Specific heat 830 J/(kg*K) at 300 K
Surface tension 1.8 N/m at 1850 K
Boiling point 3135 K
Viscosity 0.003 kg/(m*s) at 1800 K
Molecular 55.845 kg/kmol

Some important settings of the Fluent model can be found from the table below.
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Table 10 Some settings of the Fluent CFD model for simulating 2 mm thick niobium plate EBW.

Model parameters Setting value/introduction
Mutiphase model Homogenous model, VVolume of Fluid (VOF)
Interface type Sharp
Phases Two phases (gas phase as the main phase)
Phase interaction Continuum surface force with wall adhesion
Mushy zone parameter 4,000,000
Pressure-velocity coupling SIMPLE
Solution controls Default

The interface type should be set as Sharp to reproduce the morphology after molten pool
solidification. The mushy zone parameter is setting 4,000,000 as low value may cause
unwanted movement of solid phase and high value will cause the problem of convergence.

The other setting values were set referring to previous EBW models or simply set as default.

4.5.2 Interface Tracking
The VOF interface tracking method is applied considering the computing efficiency and

model convergence. The free surface is based on following equation

OF OF OF OF
ot | ox ' ay ' 9z (21)

where F is the volume fraction of metal phase. The interface cells are tracked when 0 < F < 1.

4.5.3 Conservation Equations

The mass, momentum and energy conservation equations are described below [60]
dp  0(pu) d(pv) Jd(pw)
ot T Tox oy tTaz 0

where u, v and w represent the velocity components at x, y and z directions, respectively. p

(22)

represents the density.
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I(pw) , dpuy)  0(puv)  0(puw)

ot 0x dy 0z
_Op 9 duy 0 duy 8/ Ou (23)
= a+a(“a)+@(”@)+£(%)”m
+ Fyx
) ] ] d
(pv) N (pvu) N (pvv) N (pvw)
at 0x dy 0z
B dp 0 v 0 v 0 av (24)
—‘@+a(ﬂa)+@(“@)+a—z(“&)”’w
+ Fyy
) ] ] ]
(pw) . 9(pwr)  9(pwv)  0(pww)
Jt d0x dy 0z
_ 0p+6( 6W)+6( OW)+6( 6W>+P (25)
Tz Tax\Moax) Tay\Fay) Tz \Fa,) T e
+F,+F,—G

where p, u, B., E;, F, and G represent pressure, dynamic viscosity, recoil pressure, surface
tension, buoyancy force and gravity. Subscript x, y and z represent vector components at X, y

and z directions.

I(pH) , O(puH)  (pvH)  I(pwH)

at dx dy dz
_ d (k (’)T) N d (k aT) N d (k aT) N (26)
“ox\ ax) Tay\ ay) " az\" oz Qin = Qraa
- Qevap
T
H=hyer+ f CodT + BAH, (27)
Tref
0 T <T;
D il Y 28
ﬁ - Tl _ TS S l ( )
1 T > Tl

where H, k, T, Qin, Qraa: Qevap, Nrefr Cpy Trep, AH,, Ts and T; represent enthalpy, thermal
conductivity, temperature, energy input, radiation heat dissipation, vaporization heat
dissipation, reference enthalpy, specific heat capacity, reference temperature, latent heat of

fusion, solidus temperature and liquidus temperature.
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4.5.4 Heat Source

A free-surface tracking Gaussian heat source is applied in this model, shown in Fig. 52. The
heat source is generated at the elements under the free surface determined by Equation (21).
For the situation that the keyhole is insignificant, the heat generated is illustrated by Fig.
52(a). When the keyhole is deep, the heat generated is illustrated by Fig. 52(b). When the
keyhole is fully penetrated through the workpiece, energy is not generated at the elements of

penetrated column.

The total energy input can be described by equation (29)

Qn=U-I"n (29)
where Q;,, is total input power of heat source, U is accelerating voltage, I is beam current and
n is the assumed efficiency taking account of convection and evaporation heat loss.

According to [1], n is calculated by

Zw — Z

n= 06+ 03(2=2) for 0<z,—z<001 (30)
n =09 for z, —z > 0.01 (31)

where z,, is the z coordinate of upper surface of solid phase.
The heat input distribution is cited from [23] and can be expressed by

9Q;,e3 1
(e —1)  (zo—z)@E + 1.1 +17)

X2 y?
X exp <—3 <Tx—22 + Ty_zz>
Te = /TexTey (33)
1= TixTiy (34)

q(x,y,z) =
(32)

where z, and z; are the z coordinates at the top and bottom plane of heat source. z, is

determined by VOF function. z, — z; is fixed at 1 mm in this model. r,, and r,,, are the
Gaussian distribution radii at top surface. r;, and r;,, are the Gaussian distribution radii at

bottom surface. r,, and r,,, are the Gaussian distribution radii at given z surface.
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Fig. 52 Sketch of heat source generation.

4.5.5 Interface Forces

In this model, recoil pressure, hydrostatic pressure and surface tension are considered as
driving forces working at the interface of liquid metal. In the direction normal to the keyhole
wall, the resultant force can be expressed by

Boor =B +F, + E (35)
where E., F, and E, are the forces caused by recoil pressure, hydrostatic pressure force and

surface tension. In the tangential direction the resultant force can be expressed by

Fran = Fu + F (36)
where F), and F; are the Marangoni shear force and flow shear force respectively. In this

study, the recoil pressure P. is based on [60], expressed by

T—T
P. = 0.54P,exp (LU TTIJ) (37)
b
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where Py, L,,, T, and R represent the ambient pressure, evaporation latent heat, boiling point

of metal and universal gas constant.

4.5.6 Boundary Conditions
As the convection and evaporation heat loss are considered in assumed heat input efficiency
n. The thermal boundary of metal interface can be expressed by

oT
kos = —&Y(T* =T (38)

where To is the ambient temperature; & and i represents the surface radiation emissivity and

the Stefan-Boltzmann constant, respectively.

Other walls are set as thermally insulating

k= =0 (39)

4.5.7 Simulated Depths

An example of simulated molten pool results is shown in Fig. 53. The red contour line is
keyhole profile and green contour line is the molten pool profile. In this study, the simulated
penetration depth by CFD is the molten pool depth depicted by the green contour. The
average depth and standard deviation are determined based on the depth values at welding
time 1.2 s (Depth 1), 1.4 s (Depth 2), 1.6 s (Depth 3), 1.8 s (Depth 4) and 2.0 s (Depth 5).
Considering the setting of mesh size, the precision of simulated depth is 0.25 mm. The beam
current, accelerating voltage, welding speed and beam 1/e? radii at x direction and y direction
are parameters to change and the simulated penetration depths are compared with measured
depths (sample numbers C1-C30).
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Fig. 53 An example of molten pool penetration depth prediction by CFD method

4.5.8 Results and Discussion

The simulated results of the depth compared with experimental measured depth of samples
C1-C30 are shown in Table 11 and Fig. 54. The average absolute percentage deviation is 8.26%

and maximum absolute percentage deviation is 26.56%.
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Table 11 CFD simulated results of the depth compared with experimental measured depth of samples C1-C30.

No. Depth 1 Depth 2 Depth 3 Depth 4 Depth 5 Average Actual
(mm) (mm) (mm) (mm) (mm) Simulated Depth

Depth (mm) (mm)

C1 4.75 4.5 4.75 4.5 4.75 4.65 4.24
C2 4.25 3.75 4.25 3.75 4.25 4.05 3.2

C3 6.25 6.75 6.25 6.5 6.25 6.4 6.36
C4 6.5 7 6.75 7 6.75 6.8 6.95
C5 8.25 8.5 8.25 8.25 8.25 8.3 10.66
C6 9.75 10 9.75 10 9.75 9.85 9.55
Cc7 9 10 9.75 9.75 9.5 9.6 9.36
C8 10.25 10.25 10.25 10.25 10.25 10.25 10.42
C9 8.75 8.75 9 8.75 9 8.85 8.1

C10 55 6.5 6 6 5.5 5.9 6.33
Cil1 6 6.25 6 6 6 6.05 5.56
Ci12 3 3.5 3 3 3 3.1 3.51
C13 4.25 4.75 4.75 4.75 45 4.6 431
Ci4 4.25 4.25 5 4.25 4.75 45 3.62
C15 4.5 45 4.75 5 4.75 4.7 4.55
C16 7.75 8.25 8 8.25 8 8.05 7.77
C17 6.5 7.25 7.25 7.25 7 7.05 8.04
C18 9 9.25 9.25 9.25 9 9.15 10.05
C19 3.75 45 4.25 4.5 4.25 4.25 4.37
C20 3.75 3.75 3.75 3.75 3.75 3.75 4.08
Cc21 4.25 4.25 4.25 4.25 4.25 4.25 3.75
C22 3.75 4 3.75 3.75 3.75 3.8 3.6

C23 55 5.75 5.25 5.75 55 5.55 5.45
C24 55 6 5.75 5.75 5.5 5.7 591
C25 7 7 7.25 7.25 7 7.1 7.01
C26 6.75 7.5 7.5 7.5 7 7.25 6.84
Cc27 6.25 6.5 6.5 6.5 6.25 6.4 7.26
C28 7.5 8 7.75 7.75 7.75 7.75 7.47
C29 7.5 8.5 7.5 8 7.5 7.8 7.49
C30 8 8.75 8 8 8 8.15 10.36

Unlike the second order regression method, the current CFD model cannot allow all
combinations of variables to be included in the analysis, i.e., the focusing position cannot be

considered. And at this moment, the CFD model is only applied to predict the penetration
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depth for partially penetrated situation. The CFD prediction results compared with other
methods are listed in Table 14. It can be found that when the training data is adequate, for
example 69 training data in this case, the CFD prediction is not as accurate as other methods
with same combination of variables. But the tuning process of CFD model does not require

many tests, which could be an advantage of CFD prediction method.

12
26.56%

y =0.9691x
R?=0.9886
10

8 Al ' = -22.14%

Predicted Depth (mm)
[ ]
[

Measured depth (mm)

Fig. 54 Simulated depths by CFD model compared with measured depths of C1-C30.

4.6 ANN Weld Dimensions Prediction
4.6.1 Depth Prediction Using Full Training Data

A back propagation neural network (BPNN) was used and written using Python (Keras). An
indicative schematic of the neural network is depicted in Fig. 55, but a series of networks
were built based on different combinations of input variables from Table 6. Cross-verification
was performed to determine the coefficients for each BPNN, using experimental output data
from Table 6 (T1-T69), split into four equal sets. Three sets were selected as training data to
predict the remaining data and this procedure was repeated four times by rotating the test data

sets.
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Fig. 55 Schematic of the back propagation neural network structure.

Some training results with different network parameters are shown in Fig. 56. Fig. 56(a)
depicts the mean squared error (MSE) of different neural network structures with cross-
verification. NX at the abscissa means one hidden layer with X neurons, NXNY means two
hidden layers with X and Y neurons, and so on. Fig. 56(b) depicts the MSE of the N20 NN
with different iterations. Based on the results of the cross-verification process, the
coefficients of the BPNN with lowest MSE were selected for predicting data from the set C1-
C30. The parameters to select including layer numbers, neuron numbers, transfer function,
kernel initializer, optimizer and iteration numbers. Typical coefficients for BPNNs with high
prediction accuracy are:

1) One hidden layer with 15 neurons.

2) Linear transfer function for input layer and ‘exponential’ activation function for
hidden layer.

3) Type ‘Normal’ kernel initializer for the input layer and the hidden layer.

4) ‘SGD’ optimizer: Initial learning rate is 0.001, decay steps 10000 and decay rate 0.9.

5) Losses type: mean absolute percentage error.

6) 5000 iterations.

Fig. 57 and Fig. 58 show the predictions for data C1-C30 based on a BPNN with inputs of
accelerating voltage, beam current, welding speed and 1/e? radius in the x direction and y
directions. For this case the predicted depth average absolute deviation of the neural network
is 5.35% and the maximum absolute deviation is 17.65%. And the predicted top width
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average absolute deviation of the neural network is 7.29% and the maximum absolute
deviation is 22.69%.

Table 14 and Table 15 summarise the findings and show that, in general, increased accuracy
can be achieved by adding the beam characteristics to the inputs for penetration depth and top
width prediction. However, as the inherent accumulated error of top width is much higher
than penetration depth, increasing the number of inputs may not affect the top width

prediction accuracy once the absolute prediction deviation is around 7%.
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S T <15
0.4
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0.2
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& &S &% & @o NS qgo NS 10 50 100 500 1000 5000
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NEURAL NETWORK STRUCTURE ITERATIONS

@) (b)
Fig. 56 (a) MSE of each neural network from cross-verification. (b) MSE of N20 with different iterations from

cross-verification.
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Fig. 57 Predicted depths by BPNN compared with measured depths of Group 2 (C1-C30).
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Fig. 58 Predicted top widths by BPNN compared with measured top widths of Group 2 (C1-C30).
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The importance of measuring the beam radius is reinforced by these results and is seen to
have a greater influence on the accuracy of prediction than the relative focus current. Depth
predictions are improved for the BPNN, compared to the other models, but whilst the mean
absolute deviations do not significantly improve, when compared on equal terms by inputs,
the maximum values are lower and there are no occurrences of unrealistic predictions. It is
worth noting that the mean absolute deviation for both the regression and BPNN methods
may not decrease much further, given that they are approaching the estimated error for
conducting and measuring the welding process.

4.6.2 Depth Prediction Using Reduced Experimental Data

The influence of reducing the number of data used to train the model was evaluated. It was
facilitated by using a smaller subset of the data in Table 6 and retraining new models. For
these models the inputs were accelerating voltage, beam current, welding speed and 1/e? radii
in the x and y directions. In order to select the parameters from the factors and levels outlined
in Table 6, an orthogonal experimental design approach was performed in the SPSS software.
This yielded a minimum of 25 tests, which was expanded to 36, 47 and 58 by using the
“holdout cases” function. 14 tests were generated by orthogonal experimental design
approach with variables of accelerating voltage, beam current and welding speed as this test
number is too small to consider all variables. The training data used for each of these cases is
identified in Table 12.

Fig. 59 shows that the average absolute deviation of predicted penetration depth is sensitive
to the size of the training data set. When the size of the training dataset is 14, the average
deviation is 9.41% (the maximum is 25.6%). When the size of the training dataset is 25, the
average deviation is 6.37% (the maximum is 18.12%). If this is increased above 36, the
average deviation is relatively stable between 5.3% and 5.6% (and the maximum is below
17%). For the particular case shown here, the number of experimental training data should be
greater than 36 to achieve a stable predictive performance of penetration depth for the BPNN.
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Table 12 ANN training data selection.

Weld  Accelerating

No.

T1

T2

T3

T4

TS5

T6

T7

T8

T9

T10

T11

T12

T13

Ti4

T15

T16

T17

T18

T19

T20

voltage (kV)

60

60

60

60

50

50

50

50

50

50

50

50

50

50

40

40

40

40

40

50

Beam
current
(mA)

25

30

45

35

35

25

40

45

25

40

30

30

45

35

25

40

45

35

30

30

Welding
speed
(mm/min)

500

550

700

600

700

600

500

550

650

550

700

650

600

500

550

700

500

650

600

550

Relative
focusing
current
(mA)
347
(sharp-
focus -8)
353
(sharp-
focus -4)
358
(over-
focus +8)
357
(sharp-
focus)
324
(sharp-
focus +4)
316
(sharp-
focus -4)
328
(sharp-
focus +8)
312
(sharp-
focus -8)
328
(sharp-
focus +8)
320
(sharp-
focus)
312
(sharp-
focus -8)
320
(sharp-
focus)
324
(sharp-
focus +4)
316
(sharp-
focus -4)
289
(sharp-
focus +4)
286
(sharp-
focus -4)
290
(sharp-
focus)
277
(sharp-
focus -8)
298
(sharp-
focus +8)
324
(sharp-
focus +4)

91

Selected

in group

with 14
data

Selected

in group

with 25
data

Selected

in group

with 36
data

Selected

in group

with 47
data

Selected

in group

with 58
data
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312
T21 50 40 700 (sharp- v \ \ \
focus -8)
293
T22 40 25 700 (sharp- v v % % S
focus +8)
286
T23 40 45 650 (sharp-
focus -4)
285
T24 40 35 500 (sharp-
focus)
348
T25 60 45 600 (sharp- \ \ \ \ N
focus -8)
352
T26 60 45 550 (sharp-
focus -4)
358
T27 60 40 500 (sharp- \
focus)
350
T28 60 40 650 (sharp- S S v v S
focus -8)
359
T29 60 35 700 (sharp-
focus +4)
347
T30 60 35 650 (sharp- S
focus -8)
352
T31 60 30 700 (sharp- \ \ \ \ \
focus -8)
368
T32 60 30 600 (sharp- S
focus +8)
369
T33 60 25 550 (sharp- v v \ \ \
focus +8)
357
T34 60 25 650 (sharp- S
focus -4)
278
T35 40 45 550 (sharp- v v \ \ \
focus -8)
294
T36 40 40 600 (sharp- S S v v S
focus +8)
286
T37 40 40 500 (sharp- \ \ S
focus)
289
T38 40 35 550 (sharp- v \ \ \/
focus +4)
293
T39 40 35 700 (sharp- \ N
focus +8)
285
T40 40 30 550 (sharp-
focus)
285
T41 40 25 500 (sharp- \ \
focus -4)
281
T42 40 25 600 (sharp- \
focus -8)
T43 50 45 650 314 \ V V V \
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(sharp-
focus -4)
326
Ta4 50 45 500 (sharp- S
focus +8)
324
T45 50 40 650 (sharp- \
focus +4)
328
T46 50 35 650 (sharp- \ \ S
focus +8)
320
T47 50 35 600 (sharp- \ \ \ N
focus)
332
T48 50 30 500 (sharp- \ \ S
focus +8)
317
T49 50 25 500 (sharp- \ \ \ \
focus -8)
325
T50 50 25 700 (sharp- S S \
focus)
318
T51 50 45 700 (sharp- \ \ \ d
focus)
328
T52 50 40 600 (sharp- S S
focus +8)
328
T53 50 30 600 (sharp- \ \
focus +4)
290
T54 40 40 550 (sharp- v S
focus +4)
281
T55 40 35 600 (sharp-
focus -4)
289
T56 40 30 500 (sharp- S S S S S
focus +4)
281
T57 40 30 650 (sharp- S
focus -4)
289
T58 40 25 650 (sharp- S v v S
focus)
282
T59 40 45 700 (sharp- \ \ d
focus -4)
344
T60 60 45 650 (sharp-
focus -8)
364
T61 60 30 500 (sharp- \
focus +4)
363
T62 60 35 550 (sharp-
focus +8)
361
T63 60 25 700 (sharp- \ \
focus)
350
T64 60 40 600 (sharp- S
focus -8)
361

T65 60 25 600 v
(sharp-
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focus)
352
T66 60 45 650 (sharp- % % S
focus -4)
277
T67 40 30 700 (sharp- \ \ x/
focus -8)
363
T68 60 35 500 (sharp- v v \/ \/ S
focus +8)
358
T69 60 40 700 (sharp- \ \ N
focus)
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Fig. 59 Prediction accuracy by BPNN with different numbers of experimental training data.
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4.6.3 Depth Prediction Using Experimental and Virtual Data

In production, EBW trials are costly and it is attractive to use virtual data generated by
statistical methods or simulation methods to augment the experimental dataset to aid training
data of an ANN [86]. There are some limitations to this process based on the differences
between the BPNN and the models. The BPNN uses 5 different focal positions as inputs to
create the experimental matrix, this had to be substituted by 5 different beam radii for the
models (covering the approximate 0.2 to 0.85 mm range). To make it possible to use both the
W. GIEDT empirical equation and second order regression models, the BPNN had to be
based on inputs of accelerating voltage, beam current, welding speed and mean beam radius
only. For our test cases we assumed that virtual data would be generated to create the full
factorial experimental matrix, building on test cases using either 25 or 69 experimental data
(as defined earlier) and empirical and regression models derived from them. Fig. 60 and Fig.
61 illustrates the feasibility of adding virtual data to improve the prediction performance of a
BPNN with 25 experimental training data.
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8.3%

5.1%

8.9%

Average absolute percentage deviation of BPNN predicting depths of C1-C30
I I R T R R O B T S
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Deviation of 2-order equation with 25 training data 9.27%

Deviation of 2-order
equation with 69
______lraining data 6.63%

// Deviation of empirical equation with
) 69 training data 6.71%
o -

Deviation of empirical equation with /
25 training data 6.61% -
— /

\_/7\‘_‘___,___.--""" Deviation without virtual data 6.25%
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Mumber of virtual data added to BPNN with 25 experimental data

—i—Virtual data generated by empirical equation (69 training data) —i— Virtual data generated by second order regression (69 training data)

Virtual data generated by empirical equation (25 training data) Virtual data generated by second order regression (25 training data)

Fig. 60 Average absolute percentage deviation of BPNN with 25 experimental data and different size of virtual

data generated by W. GIEDT empirical equation and second order regression models, predicting depths of C1-

C30.
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Fig. 61 Maximum absolute percentage deviation of BPNN with 25 experimental data and different size of virtual
data generated by W. GIEDT empirical equation and second order regression models, predicting depths of C1-
C30.

As a baseline, the BPNN models based on the experimental data alone have mean deviations
of 6.25 and 6.00% when trained using 25 or 69 data respectively (different to reported in Fig.
57 as these were for models including x and y beam dimensions). The W. GIEDT empirical
model has deviations of 6.61 and 6.71 when created with 25 and 69 data respectively and the
second order regression 9.27 and 6.63 respectively, highlighting the sensitivity of the

regression model to the volume of data.

Perhaps not surprisingly, when these less accurate models are used to create the 375 data for

the full factorial matrix and are incorporated into the BPNN, the mean deviations tend very
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closely to those for the sources of these additional data. Thus, the predictive accuracies (mean

and maximum deviations) for the BPNN based on limited data are not improved.

It was possible to demonstrate that with a model providing virtual data that is more accurate
than a BPNN derived from very limited experimental data points, the accuracy of the BPNN
could be improved. This was achieved by having a highly scattered and very limited initial
data, it could also be the case for data derived from highly accurate numerical simulations or
very well-established empirical models from the literature. However, with accurate and

simple models available, the rational for developing a BPNN is greatly diminished.

Considering the long simulation time of applying CFD methods to predict EB weld
penetration depth, it is attractive to verify the feasibility of adding virtual data generated by
CFD models to the ANN database to realize real time prediction. The virtual depth data
generated by CFD models is listed in Table 13, designed by orthogonal experimental design
approach. Based on 52 CFD virtual data only, the average absolute percentage deviation is
9.28%. Based on 52 CFD virtual data and 25 experimental data, the average absolute
percentage deviation is 8.81%, which is not improved comparing the BPNN with 25
experimental data (the average deviation of BPNN is 6.37%). The inherent deviation of CFD
prediction is 8.26%, and it has been proved that the mean deviations of BPNN tend very
closely to those for the sources of these additional data. It can be concluded that if the
training samples are extremely limited, for example 14 data (the average deviation of BPNN
IS 9.41%), it is able to use virtual data generated by CFD models to ANN database to realize
the real time weld depth prediction and provide better prediction accuracy than BPNN trained

by limited experimental data only.
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Table 13 CFD simulated virtual depth data.

Beam Beam
Accelera Welding radius radius
) Beam (1/e? (1/e? Average
No. ting current | speed S width x) widthy) Depth 1 Depth 2 Depth 3 Depth 4 Depth 5 Depth
voltage (mm/min (mm) (mm) (mm) (mm) (mm)
U (kV) (mA) ) . atx' ' at¥ (mm)
direction  direction
(mm) (mm)
N1 50 40 600 0.25 0.55 7.25 7.5 7.25 7.25 7.25 7.3
N2 40 45 550 0.35 0.35 6.75 7.5 7.5 7.5 7 7.25
N3 60 30 550 0.75 0.25 4.75 55 5.25 55 4.75 5.15
N4 60 25 700 0.65 0.45 3.75 3.75 4.25 4 3.75 3.9
N5 60 35 500 0.35 0.25 8 8.25 8.25 8.25 8 8.15
N6 50 25 600 0.45 0.35 4.75 4.75 5 5 4.75 4.85
N7 60 40 500 0.55 0.35 7.5 7.75 7.5 7.75 7.5 7.6
N8 60 40 700 0.45 0.65 6.5 7 6.75 6.75 6.5 6.7
N9 40 30 700 0.35 0.75 3 3 3 3.5 3 3.1
N10 40 35 550 0.45 0.55 3.75 4.5 3.75 4.25 3.75 4
N11 40 25 500 0.25 0.25 5.25 5.5 55 515 515 5.45
N12 50 30 500 0.65 0.55 3.5 3.75 3.75 3.75 3.75 3.7
N13 40 45 700 0.25 0.25 8 8.25 8.25 8.5 8.25 8.25
N14 50 30 700 0.25 0.25 7.5 7.5 7.5 7.5 7.5 7.5
N15 50 35 700 0.75 0.35 5 6 5.25 6 5.25 55
N16 40 25 600 0.35 0.45 3.75 4.25 3.75 3.75 3.75 3.85
N17 60 30 550 0.45 0.25 6 6.75 6.5 6.75 6.25 6.45
N18 60 35 550 0.25 0.45 8.25 8.5 8.25 8.5 8.25 8.35
N19 60 30 500 0.35 0.55 6 6 6 6 6 6
N20 50 30 550 0.55 0.25 4.75 5 5 5 4.75 4.9
N21 50 25 500 0.65 0.25 3¥75 4.25 4.25 4.25 3.75 4.05
N22 40 40 500 0.75 0.45 3.75 4.25 4.25 4.25 3.75 4.05
N23 40 35 600 0.55 0.25 3¥75 45 4.5 45 4.5 4.35
N24 40 30 500 0.55 0.65 3 3.5 3 3.5 3 3.2
N25 50 25 550 0.35 0.65 4.25 4.75 4.5 4.75 4.5 4.55
N26 60 45 650 0.75 0.55 6.5 6.75 6.5 6.5 6.5 6.55
N27 40 40 550 0.65 0.75 3.5 3.75 N5 3.75 3.75 &t/
N28 50 40 650 0.35 0.25 8.25 8.25 8.5 8.5 8.25 8.35
N29 40 25 700 0.55 0.55 3 2.75 3 3 3 2.95
N30 60 25 550 0.25 0.75 4.5 5.25 5 5.25 4.75 4.95
N31 40 30 500 0.45 0.45 4.25 4.25 4.25 4.25 4.25 4.25
N32 50 45 500 0.45 0.75 55 6 5.75 5.75 5.75 5.75
N33 50 45 550 0.55 0.45 6.5 7 6.5 7 6.5 6.7
N34 60 25 500 0.25 0.35 5.75 6.75 6 6 5.75 6.05
N35 60 30 600 0.25 0.65 6 6 6 6 6 6
N36 40 30 600 0.75 0.75 2.75 3 3 3 3 2.95
N37 50 35 500 0.25 0.75 5.25 5.5 55 5.75 55 915
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N38 60 45 600 0.65 0.25 7.75 8.5 8.25 8.25 8 8.15
N39 40 25 550 0.25 0.55 3.75 4.25 3.75 3.75 3.75 3.85
N40 40 25 500 0.75 0.25 3 3 3 3 3 3

N41 40 30 650 0.25 0.35 5.25 5.75 55 5.75 B35 5.55
N42 40 25 650 0.45 0.25 3.75 3.75 3.75 3.75 3.75 3.75
N43 40 45 500 0.25 0.65 55 6.5 6.25 6.25 6 6.1
N44 60 25 650 0.55 0.75 3.5 3.75 3.5 35 35 3.55
N45 40 30 550 0.65 0.35 3.75 3.75 3.75 3.75 3.75 3.75
N46 50 30 650 0.25 0.45 6.25 5.75 6.25 6.25 6.25 6.15
N47 40 35 650 0.65 0.65 3 3.75 3.5 315 315 3.45
N48 40 40 550 0.25 0.25 6.5 7.5 7 7.25 6.75 7

N49 50 25 550 0.75 0.65 3 3 3 3 3 3

NS0 50 45 500 0.25 0.25 10 10.5 10.5 10.5 10.5 10.4
N51 50 40 550 0.25 0.35 8 9.5 9.25 9.5 8.75 9

N52 50 40 600 0.35 0.25 8.5 8.5 8.5 8.5 8.5 8.5

4.7 Results and Discussions of Weld Dimensions Prediction
Methods

The comparisons of weld dimensions prediction methods are shown in Table 14 and Table 15,
and the absolute prediction deviations of depth and top width prediction of each model can be

found from these tables.

For penetration depth prediction, adding variables to the second order regression models or
BPNN models can effectively improve the prediction accuracy. And BPNN shows a better
prediction than other models with same combinations of variables. For top width prediction,
only second order regression models or BPNN models are applied. With combination of
variables of accelerating voltage, beam current, welding speed and beam characteristics
detected by BeamAssure™, both BPNN models and second order regression models provide

a prediction deviation close to the accumulated error during experiments, of 7%.
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Table 14 Summary of absolute prediction deviations of depth prediction using different models and parameters.

Method Parameters Mean/% Max/%
Normalized power UlLs, o 8.50 19.6
W. GIEDT empirical
equationp Uls, o 6.71 20.7
U, IS 8.67 21.3
Second order UulLs, o 6.83 27.5
regression U, I, S, ox oy 5.97 22.3
U, IS, ox gy lir 4.88 14.9
CFD U, I, S, o oy 8.26 26.6
U, I, S 7.34 22.1
U, IS, Il 6.20 22.9
BPNN uls, o 6.00 15.5
U, I, S, o oy 5.35 17.7
U, I, S, ox oy lir 4.48 14.0

Table 15 Summary of absolute prediction deviations of top width prediction using different models and

parameters.

Method Parameters Mean/% Max/%

U, IS 9.40 25.82

Second order Uls, o 6.54 21.98

regression U, I, S, ax oy 6.97 22.56

U, I, S, oy oy lir 7.62 21.24

U S 9.01 24.28

U, IS, I 8.65 26.01

BPNN ulLs o 7.22 21.30

U, LS, ox oy 7.28 22.69

U, I, S, oy oy lir 7.12 22.22

The distribution of average prediction deviation of each method is shown in Fig. 62. The
variables are accelerating voltage, beam current, welding speed and mean beam radius. It can

be found that there are less significant deviations by using ANN method than other methods.
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Under 5% 5-10% 10-15% 15-20% 20-25% Above 25%

Number of cases
[y = = =
=9 [=)] oo [==] =] i=y [=a]

N

Absolute deviation range

B Normalized power W. GIEDT empirical equation Second order regression ANN ®mCFD

Fig. 62 The comparison of prediction accuracy on C1-C30 of models tuned by accelerating voltage, beam

current, welding speed and 1/e? radius.

A study was made of the least accurately predicted depths, for each of the models, listed in
Table 16. According to the cases listed in Table 16, all the significant deviation occurs with
accelerating voltage of 40 kV and 60 kV, and there are some interesting features. Firstly,
there was no single case where the magnitude of the deviation was larger than 15% for all of
the predictive methods. For the welds with 40 kV accelerating voltage and no matter what
the focal position is, the large deviations by using the normalized power method and the W.
GIEDT empirical equation method are all positive, which means these two methods have
over-estimated the penetration depth of 40 kV welds. When accelerating voltage is lower, the
kinetic energy of a single electron is less which causes that the electrons are likelier to be
affected by ambient particles. Therefore, it can be concluded that the efficiency of 40 kV
welds should be lower than that of 50 kV and 60 kV, but this feature cannot be reflected by
the normalized power method and the W. GIEDT empirical equation method. For the welds
with accelerating voltage of 60 kV, the large deviations are strongly correlated with electron
beam focal position of each weld. Big negative deviations of 60 kV accelerating voltage only
occur with under focus situation, and big positive deviations of 60 kV accelerating voltage
only occur with over focus situation. For over focus there is an over-prediction and vice-versa,
supporting observations for an increased penetration depth for under focus conditions [105]
[13]. That is the reason why BPNN with one more input of relative focusing current to sharp

focus position can provide a better depth prediction.
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Table 16 List of cases with absolute deviation of penetration depth larger than 15%. Variables of models are

accelerating voltage U, beam current I, welding speed, S and 1/e? radius.

Deviation of Deviation of Deviation of Deviation
Accelerating Focal normalized W. GIEDT second order of CED Deviation
voltage (kV) position power empirical . dicti of BPNN
equation equation regression pre Iction
T19 40 Over- +22.13% +17.28% ; ;
focus
T25 60 Under- -17.12% - -
focus
T28 60 Under- -15.43% - -
focus
T31 60 Under- -15.4% -16.39% - -
focus
T32 60 %‘gs +20.25% ] ]
T35 40 under- 1 120.93% +15.30% : :
focus
T36 40 Over- +18.74% ] ]
focus
T39 40 Over- +19.13% ] ]
focus
Under- 0 o
T60 60 foo -15.27% -19.1% ; ;
T64 60 Under- -15.41% . .
focus
T66 60 Under- -15.62% - -
focus
T67 40 Under- | 51 130 +16.29% ; ;
focus
c1 40 Under- +16.99%
focus
C2 40 %‘é‘l +19.64% +26.56% | +17.65%
cs 60 Lnder- -22.14%
Cc12 40 Over- +18.28%
focus
cl4 40 %"Cirs +24.31%
C16 60 %"Cirs +22.28% +15.29%
C30 60 L}fg‘gﬁg 117.42% -20.74% -21.33%

4.8 Summary

This chapter introduced a number of methods for predicting electron beam weld dimensions,
including the normalized power method, the W. GIEDT empirical equation method, the
second order regression method, CFD modelling, and BPNN. The predictions are compatible

with EB linear power ranging from 86 J/mm to 324 J/mm.
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By comparing the strengths and weaknesses of each method, BPNN model is a reliable
method for predicting the penetration depth during EBW and can do so over a wide range of
EB power and focusing conditions, but a suitable number of experimental data, i.e., 36 data in
this study, should be adopted to ensure the prediction accuracy. The mean absolute deviations
were as low as 4.5%, lower and more reliable than those from analytical models, a second
order regression model and a CFD model. They are very close to the estimated variability in

the process and measurement, which is 4%.

Both BPNN models and second order regression models can be adopted to predict weld bead

top width, with the lowest prediction error about 7%.

In addition to accelerating voltage, beam current and welding speed, detailed measurement of
beam radius and focal position, using a 4-slits beam probing technology can greatly improve
the accuracy of the model predictions. Standardising the beam measuring approach and the
definition of the beam radius is likely to improve the translation of predictive models between

machines.

The size of the training data set was found to be influential to the accuracy of BPNN
prediction. By using a design of experiment method to choose the parameters, a minimum of
36 data points was deemed necessary, for this problem, to ensure the BPNN depth prediction

was accurate and reliable.

The method of applying CFD model to predict EBW penetration depth was introduced in this
chapter. Most of the methods require a minimum number of data to tune the model, however
the CFD model can overcome this barrier. If the data size is under 14, it is promising to use

CFD model to do the prediction than other methods.

Adding virtual experimental data generated by statistical models, based on limited
experimental data, that are not as accurate as the BPNN derived from these same data, is not
a useful way to expand the ANN training dataset. BPNN models derived from limited
experimental and large volumes of virtual experimental data will tend to perform to the same
limits as the statistical models used to generate the virtual data. Virtual data can also be
generated by CFD models that can be set up without requiring large number of tests in
advance. It is feasible to train a BPNN based on CFD virtual data to realise a real time
penetration depth prediction when the training tests are inadequate.
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One reason of BPNN and second order regression provide better prediction is that the
information of beam focal position can be set as variables for both two methods. It is
investigated that the missing of focal position data induced significant outliers of the
predictions by normalized power method, the W. GIEDT empirical equation method and
CFD modelling. However, the input values for BPNN and second order regression prediction
should not exceed that used in the training as the prediction accuracy may drop significantly

or even become physically unrealistic.
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Chapter 5 Cross Section Weld Profile
Redraw by Using FEA Models

The method of applying FEA models to redraw electron beam weld profile is introduced in
this chapter. The heat source dimensions of FEA model are determined based on detected
beam characteristics, weld bead top width and weld penetration depth. The thermal field
simulated by FEA model is also verified by the thermocouple data collected during EBW

processes.

5.1 Introduction

The previous chapter introduced the method of predicting a certain EB weld dimension, such
as penetration depth or weld bead top width. Once the top width and penetration depth can be
predicted, a reliable and accurate weld profile redraw method is then highly desirable by the
modern EBW industry, as cross section weld shapes and fusion zone size also govern the

joint quality, such as welded sample distortion and thermal stress distribution.

The FEA modelling is a possible method to redraw the weld profile as the fusion zone can be
determined based on the thermal field governed by given heat sources and boundary
conditions, and the simulation time is much shorter than CFD modelling. In this chapter, a

method to set up a finite element model to redraw cross section weld profile is introduced,
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and the weld profile can be drawn based on the values of penetration depth, weld bead top
width and beams parameters measured by BeamAssure™ system. To verify the feasibility of
using FEA model to redraw the weld profile, the penetration depth and weld bead top width
are measured directly from the welded samples, to avoid any interference from errors of weld

dimensions prediction.

5.2 Experiments

Welding experiments were carried out using an EB machine developed by Cambridge
Vacuum Engineering (serial no. CVE 661, maximum power 4 KW and maximum voltage 60
kV). Experimental conditions were varied between 40 - 60 kV accelerating voltage, 25 - 45
mA beam current and a welding speed of 500 - 700 mm/min, at a vacuum level of 10~ mbar.
The welding distance, which was measured from the chamber roof to the workpiece surface,
was from 157 mm to 235 mm. The 1/e? beam radius, as defined earlier, was measured by the
4-slits probe. S275JR mild steel was used as the sample material in a dimension of
100*75*20 mm and its chemical composition is shown in Table 5.

Bead-on-plate welds were produced at the centre line of the plate shown in Fig. 63, which
were used as the benchmark for validating the FE model. Thermocouple 1 (TC1),
Thermocouple 2 (TC2) and Thermocouple 3 (TC3) were 3 mm, 5 mm and 10 mm away from
the welding central line, respectively. The simulated temperature distribution by FEM model

was compared with the thermal history of TCs.

The welded workpieces were sectioned along the cut path shown in Fig. 63, ground, polished
and etched, using a 5% nital solution, to reveal the fusion zone and allow the weld
dimensions to be measured from images taken on an optical microscope, processed using

ImageJ.

A typical weld bead cross-section profile is shown in Fig. 64. The top width and penetration
depth were measured with similar method introduced in Chapter 4. Based on the image of
cross section, there is a clear boundary between fusion zone and heat affected zone. The
black dotted line in Fig. 64 is the weld profile drawn based on the boundary, which is also the

fusion profile for FEA model to reproduce.
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Fig. 64 An example of weld cross-section profile.

Nine bead-on-plate welds were conducted to verify the FEA model and the weld parameters
are shown in Table 17. Thermocouple data are available for V1, V2, V6 and V7 tests.
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Table 17 Weld parameters and measured weld profile dimensions of trials.

Beam Beam M
] Beam Welding radius (1/e>  radius (1/e2  Working Mean ean
Accelerating . . . measured
Weld No. current speed width) atx  width) aty distance measured .
voltage (kV) . o o top width
(mA) (mm/min) direction direction (mm) depth (mm)
(mm) (mm) (mm)
V1* 60 25 500 0.525 0.348 235 7.259 3.073
V2* 50 35 700 0.361 0.41 235 5.236 3.832
V3 50 45 600 0.5275 0.5985 235 8.434 3.311
V4 40 25 550 0.267 0.364 235 6.986 3.295
V5 40 30 600 0.495 0.535 235 9.431 3.055
V6* 50 45 600 0.528 0.599 157 6.174 3.528
V7* 50 35 700 0.361 0.41 157 5.902 2.742
V8 60 45 650 0.502 0.445 157 7.394 4.346
V9 40 30 600 0.495 0.535 157 3.124 3.034

*Trials with thermocouple data

5.3 Model Setup

The finite element simulation was carried out by using ABAQUS with a DFLUX subroutine
written in Fortran. The molten pool dynamics, plate distortion and changes in thermal
conductivity due to the molten pool flow were not considered in this model. To reduce the
unnecessary simulation workload, a half model was used by defining a symmetric face along
the weld centre, and adaptive mesh refinement was adopted as shown in Fig. 65. When the

node temperature exceeds the material’s liquidus point, i.e. 1788 K, the adjacent region is

deemed to be of the fusion zone. As the welding was performed in high vacuum chamber,
heat dissipation to the environment was only considered through the radiation with no
convection. Full details of the relevant input terms of this model are listed in Table 18. The

boundary conditions are the same with the settings in Section 4.4.6.
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symmetric face

Fig. 65 Mesh design of the FEA model.

Table 18 The value of FEA inputs.

Boundary conditions/inputs Value

Thermal conductivity 52.11 W/(m*K) at 300K
Density 7840 kg/m3

Latent heat 288482 J/kg

Solidus temperature 1743 K

Liquidus temperature 1788 K

Specific heat 830 J/(kg*K) at 300 K
Surface radiation coefficient 0.07 [106]

Boltzmann constant 5.67E-08

Ambient temperature 298.15 K

In this model, a mixed ellipsoidal-cylinder Gaussian heat source was used to define the EBW
heat input in the workpiece (Fig. 66). The cylinder part was to simulate the heat of keyhole
generated by electrons impinging into the material and the ellipsoidal part was to simulate the
heat generated at the top surface caused by high temperature molten flow driven by vapor
shear force, recoil pressure and Marangoni effect. The dimensions of ellipsoidal part and
cylinder part were governed by ai, b1, ¢1 and a2, by, co, respectively. The heat source

apportioning between the two parts was determined by a coefficient y.
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Fig. 66 Sketch of ellipsoidal-cylinder heat source.

The governing equations of the ellipsoidal-cylinder Gaussian heat source were modified from

[55] and are shown below:

q(x,y,2) =vq.(x,y,2) + (1 = y)q.(x,y,2) (40)
6v/30Q; —3x? —3y? —322
qe(x,y,2) = —mgexp >— | exp >— | exp > 41)
3 b C
a,bicim2 1 1 1
) 2.2 aa2
q:(x,y,2) = a:b(ilcnzﬂ exp ( zg Yexp ( 2; ) forc, <z < (c; +¢y) 42)

where x, y and z are the cartesian coordinates. q, q., and g, are the combined heat input,
ellipsoidal heat input and cylinder heat input, respectively. The total heat Q;, generated on
workpiece is calculated by Equation (29).

Considering the model element size, and b: was set close to the top width of weld bead.
Empirically, a1 and bz are in a linear relationship with beam spot size, because when the beam
energy density is higher than a certain threshold, larger beam spot will cause wider weld
width. In this model, a; and by were set equal to the value weld bead top width. As the liquid
flow heat acts at the surface of the workpiece, c1was set at a small value (0.1 mm). az and b
represent the keyhole radius at x and y directions, therefore the 1/e? radii were applied to
depict the keyhole size a; and by, as the dominant energy is included in this area. The heat
source depth c, can be measured directly from cross section weld profile or predicted by
models introduced in Chapter 4.

111



Chapter 5 Cross Section Weld Profile Redraw by Using FEA Models

With the same heat input, the simulated weld fusion zone may vary with the variation of
different mesh sizes. Therefore, a confirmed study was performed to determine the
independence of the simulation results on the mesh scale, which is shown in Fig. 67. It is
found that when the minimum size of elements is close to 0.125 mm, the fusion zone profile
tends to be constant. Hence, the fusion zone was meshed by 8-node linear heat transfer brick

elements with a minimum size of 0.125 mm. The model consisted of 577269 elements and

612066 active nodes.
(@ (b)

Fig. 67 Fusion zone shape simulated by FEA model with different mesh size (a). The left model is meshed with
the minimum element size of 0.25 mm, and the right model is meshed with the minimum element size of 0.5 mm.
(b). The left model is meshed with the minimum element size of 0.125 mm, and the right model is meshed with

the minimum element size of 0.25 mm.

5.4 Results and Discussion

Fig. 68 and Fig. 69 show the microscopic photos of cross-section weld profiles of V1 — V9
with the measured bead top width and penetration depth. The blue or green regions on the
right hand side are FEA simulated results, which show a good agreement with experimental
profile. Different types of cross-section weld profile, such as the wedge shape (V7 and V9),
bell shape (V2), nail shape (V6 and V8) and funnel shape (V1, V3, V4, V5) mentioned in
[14], were well redrawn. Due to beam radius decreases, the energy intensity is increased and
the penetration is deeper. This feature is well-reproduced by experiments and simulations. As
the penetration is deeper, more energy will be absorbed by keyhole surface, and then cylinder
part heat source in FEA model should contain higher percentage of energy input. In this study
heat source coefficient y is constant of 0.35, obtained empirically by best match to

experimental results, but there are still some cases where the middle widths are significantly
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underestimated. A more reasonable and accurate coefficient y will be studied in future works.
Another reason of narrow middle widths is that the liquid flow is not considered in FE model.
To solve this problem, C. Lampa et al [107] used an adjusted thermal conductivity to make

the isothermal profile closer to actual weld shape.

It can be seen that the agreement of simulated top width with measured width is not as good
as that of penetration depth. On one hand, it is also caused by the unconsidered effects from
liquid flow in FEA model. On the other hand, it could be also caused by the complex
fluctuation of liquid metal in molten pool, which cannot be reflected in FEA models. The
experiments show that even in one weld path, the maximum weld bead top width could be 13%
higher than the narrowest top width in an 8-second EB weld. Unlike the weld bead top width,
the varying trend of penetration depth with change of beam radius is relatively stable.

It seems that the CFD method could also solve problems of ignoring liquid flow therefore to
provide a more accurate width value. However, the fusion zone profile of EBW is usually
used for simulating yields, residual stresses, deformations, distortions and property changes
of electron beam welding, the liquid phase could be ignored [108], therefore finite element
model could be more efficient compared with CFD method at some situations. In this study,
an 8-seconds EBW process could be simulated by the finite element model within four hours.
Moreover, an estimated cross-section weld shape could be provided before the full process is
analysed, whose simulating time is less than one hour. This means there are still some

strengths of FEA method to reproduce the weld profile than CFD modelling.

The ellipsoidal-cylinder Gaussian heat source shows a good agreement with the experimental
results of this study, but it does not mean this style of heat source could simulate all the EBW
situations. For example, when the energy intensity is too large, a bell shape cross-section
weld profile can appear in actual welding process but cannot be easily simulated by the
ellipsoidal-cylinder Gaussian heat source model. Therefore, another shape of heat source is

required for such conditions.
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Fig. 68 Measured and FE simulated weld bead cross section shapes (working distance 235 mm).
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Fig. 69 Measured and FE simulated weld bead cross section shapes (working distance 157 mm).

In Fig. 70, the TC data and predicted temperature data of the tests V1, V2, V6 and V7 are
compared. In general, the simulated temperature distribution is close to the actual situation.

The peak temperature of 3 mm away from weld path is well predicted, with less than 69 °C

difference. Temperature deviations are caused by prediction error, weld position error, TC
position errors, impact of TC structure [109] and ignoring molten pool flow. From the
thermocouple data it could be concluded that this model setting method can be applied in

mechanical analysis and prediction before EB welding process.
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Fig. 70 Temperature comparison between experimental data and simulated data.

5.5 Summary

This chapter introduced the method of employing an in-line beam probing system to capture
the characteristics of electron beam and to feed into a finite element EBW model for weld
profile redrawing. Based on the cross-section weld profile measured from welded workpiece
and the data of thermocouples, the simulation showed a good agreement with the

experimental results.

The details of establishing the FEA model for the weld profile redrawing were introduced in
this section including heat source dimensions determination, model meshing, boundary
condition setting, etc. The beam spot characteristics and weld profile dimensions could be
used to determine the heat source dimensions of finite element model, which make the
simulation able to reproduce the fusion zone and then become more dependable for further
analysis. The agreement of experimental results proved that the settings of the FEA model are

reasonable.
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Chapter 6 CFD Weld Shape Prediction
model for Partially and Fully

Penetrated Situations

An CFD model that is compatible for both partially penetrated EBW and fully penetrated
EBW is introduced in this chapter. This model is able to predict the weld performance of the
SRF technology chambers made by high-purity niobium. According to the CFD model, it is
able to select reasonable weld parameters, i.e. normalized beam power, energy input and 1/e?
beam radius, before conducting the weld.

6.1 Introduction
Chapter 4 illustrated a CFD model that is able to predict EBW fusion zone depth of partially

penetrated steel samples. For operators with less EBW experience, it is difficult to estimate
the penetration situation in advance of the actual welding process and the understanding of
partially penetrated EBW transferring to fully penetrated weld is also important to control
EBW performance. Therefore, a CFD model that is compatible for both partially and fully
penetrated EBW is strongly demanded. Fully penetrated weld is usually desirable for joining

shells, frames and relatively thin plates, applied in a variety of materials. To illustrate the
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CFD method of weld shape prediction of both partially and fully penetrated situations, this
chapter showcases the CFD modelling of electron beam joining parts of a superconducting

radio frequency (SRF) technology niobium cavity.

Because of the characteristics of superconductivity of niobium in low temperature, pure
niobium is usually employed as the structural material for SRF chambers. A view of such
devices is shown in Fig. 71. The niobium hemisphere should be welded in sequence and then
put into liquid helium to keep the chamber at low temperature. The charged particles will be
accelerated through the centre line of the chamber and controlled precisely. As any minor
error could affect the particle path, the welding quality should be strictly controlled. Fig. 72
illustrates the electron beam welds of SRF chambers with and without defects.

He and N, ports
liquid N, shield

cathode
i« alignment

cathode
port

cavity
longitudinal
alignment

He vessel

cavity radial

RF coupler port alignment

Fig. 71 Diagrammatic sketch of an SRF gun cryostat, cited from [110].
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Fig. 72 Illustration of niobium chamber weld with and without defects.

The 2D drawing of the niobium cavity is shown in Fig. 73, and a photo of welded cavity is

shown in Fig. 74. There are some special requirements of the weld bead of niobium cavities:

No contamination of the welded joints is allowed. The usage of high vacuum chamber
helps eliminate unwanted oxidation and reduce the tendency of porosities in the welds
conventionally caused by ambient air or shielding gas trapped in the melt pool, which
makes EBW a preferred method for joining SRF niobium cavity.

The joint between two hemispheres, which is 2 mm thickness, must be welded from
cavity outside as the high energy beam cannot reach the joint root from the inside of
the cavity.

The joint should be fully penetrated, but the keyhole caused by high power density
electron beam should be kept blind therefore no excessive beam energy pass through
the cavity.

As the pure niobium cavities are expensive, trial-and-error tests should be conducted

by using simple plates to reduce cost during experiments.
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Fig. 73 2D drawing of the SRF niobium cavity. (Drawing courtesy of TWI Ltd)

Fig. 74 A photo of welded niobium chamber. (Photograph courtesy of TWI Ltd)
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Unlike the partially penetrated weld shape prediction, which aims to estimate a specific
dimension, the qualitative macroscopic weld shape of fully penetrated weld is more
meaningful to predict. Fig. 75 illustrated the three different joining situations when welding

niobium plates:

e Lack of fusion. Because the beam power is too low or the welding speed is too fast,
there is not enough energy to melt the metal, or the fusion zone does not penetrate the
whole thickness of workpiece, which should be strictly avoided. The lack of beam
energy can also induce narrow underbeads that affects the joint quality.

e Fusion zone penetrated the workpiece with a blind keyhole. This is the most suitable
mode to weld pure niobium cavities as no excessive beams go inside the cavity
therefore damage the parts. The weld joints are usually smooth and consistent with a
shallow and stable keyhole.

e Keyhole penetrated. A deep keyhole is generated by multiple forces worked at molten
pool surface and sometimes such beam is too powerful. A small-size keyhole may not
affect the weld quality, but an unstable keyhole can cause molten pool collapse and
workpiece burning through. When the beam power is extremely high, the welding

process is transferred to cutting process, which should be strictly avoided as well.

T. Kubo et al [111] have focused on the quality control of electron beam welded niobium
chamber from 2013. They used 2 mm pure niobium plates to conduct the experiments and
studied the influence of beam power, focal position and direction of beams on EB welded
niobium joint quality, but the impact of welding speed, beam radius and beam deflection
mode were ignored. Fig. 76 depicts the parameters with acceptable joint quality of pure
niobium plates welded by 60 kV and 300 mm/min electron beam based on the experimental
results from [111]. The x axis represents beam focusing situations by using the ratio of
distance between the main surface of the magnetic lens and the beam focusing plane, and
distance between the main surface of the magnetic lens of the electron gun and the sample
surface. These distances can be easily detected by adopting Arata Beam test, but the actual
beam radius information is not available with this method. The y axis of Fig. 76 represents
the beam current, and the orange region in the graph represents the parameters range to avoid

defects like burning though or lack of fusion.
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Fig. 75 Illustration of three different joining situations during electron beam welded thin plates: lack of

penetration, weld penetrated with a blind keyhole and defective welds.

Table 19 summarised the suitable weld parameters of 60 kV electron beam welded pure
niobium plates referring to [111]. As no beam probing technology was applied in the study of
T. Kubo et al, the beam radii are assumed based on the weld bead top width (from 1 mm to 9
mm). It can be found that the weld quality is related to two welding parameters, the
normalized beam power P,;, and energy input per unit length E,; [45] [112]. The normalized

beam power P, is defined by

BQin
03S

where B is normalization constant with dimensions [J™* m? s*2].

Pop = (43)

As shown in Fig. 76 and Table 19, when the energy input per unit length is larger, the

required normalized beam power is lower (also means the required beam radius is bigger).
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This is an important inference and will be verified by experiments and CFD modelling in this
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Fig. 76 Suitable parameter regions for 60 kV electron beam welded pure niobium plates [111].

Table 19 Suitable weld parameters of 60 kV electron beam welded pure niobium plates based on data from

[111].
Speed Beam \Voltage | Estimated Normalized Energy input
(mm/min) current (KV) | beam radius | beam power (kJ/mm)
(mA) (mm) [45]
300 35 60 0.8 169.44 0.42
300 35 60 11 105.09 0.42
300 35 60 1.6 59.91 0.42
300 38 60 1.2 100.14 0.456
300 38 60 2.3 37.74 0.456
300 40 60 11 120.11 0.48
300 40 60 1.3 93.48 0.48
300 40 60 1.6 68.47 0.48
300 40 60 1.7 62.51 0.48
300 40 60 2 48.99 0.48
300 40 60 2.3 39.72 0.48
300 40 60 2.7 31.23 0.48
300 43 60 2 52.66 0.516
300 43 60 2.3 42.70 0.516
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300 43 60 2.7 33.57 0.516
300 43 60 3 28.67 0.516
300 43 60 4 18.62 0.516
300 43 60 4.8 14.16 0.516

To achieve the high-quality weld joint between two hemispheres and reduce the welding
costs, relevant simulations should be made before moving to the trial-and-error tests and final
EBW production. By reviewing the previous studies focusing on quality modelling of
electron beam welding, several issues still need to be resolved, such as:

e There is a lack of good CFD models for EBW using deflected beam, which is able to
illustrate the difference between deflected EBW and single path EBW.

e To generate detailed molten pool flows, small mesh sizes and short time steps are
usually adopted, which makes such models impossible for simulating long weld.

e Meticulous beam characterising before modelling is usually ignored.

In this chapter, we present numerical models based on computational fluid dynamics that
predicts the effects of electron beam parameters in partially penetrated welding and fully
penetrated welding. The welding of pure niobium superconductivity cavity is taken as an
example, and the method should also be applicable in welding of other materials with
different joining scenario. In practice, single path welding and welding with a deflected beam
are usually adopted, and the selection of suitable electron beam parameters has not been
critically studied before. The limited understanding of EBW mechanism prevents the
engineers fully controlling the EBW process. A comparison will be made to demonstrate the
difference in weld quality with different beam power, welding speed, beam focal position and
deflection mode. It is hoped this CFD model will contribute into a digital toolset for better
controlling and automating the EBW process, which is beneficial for reducing the scrap
material, increasing confidence in welding quality and reducing the human factor in an

‘Industry 4.0’ context.

To realise the weld shape prediction of electron beam welded SRF technology niobium cavity,

the following tasks will be carried out:

e Applying CFD modelling to simulate the EBW process and predict the weld

performance.
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e Summarising the suitable range of weld parameters, including beam power, welding
speed, focal beam radius and deflection mode, based on the CFD simulation results.
e Conducting relevant experiments to verify the feasibility of suitable weld parameters

provided by numerical models.

6.2 Experiments

The EB machine manufactured by Cambridge Vacuum Engineering (serial no. CVE 661,
maximum power 4kW and maximum voltage 60kV, shown in Fig. 77) was adopted to weld
the niobium samples. As it is expensive to do the experiments with industrial SRF technology
niobium cavity, niobium plates of same material (99.999% purity niobium) were used and the

dimensions are 100 mm (length) x 10 mm (width) x 2 mm (thickness). The welding

experiments were carried out at 60 kV accelerating voltage and 40 mA beam current at a
speed of 400 mm/min in a vacuum level of 10 mbar. The beam radius variation can be
controlled by applying BeamAssure™ system to adjust the 1/e? beam radii between 0.6 mm
and 1.7 mm. The working distance was fixed at 165 mm. Beside the single path weld, circle
deflected weld and ellipsoidal deflected weld were also involved in experiments. The path of
circle (ellipsoidal) deflection is the combination of a single weld path and a periodical circle
(ellipsoidal) oscillation. In this study, 1.5 mm diameter circle mode deflected weld and 3/1.5
mm ellipsoidal mode deflected weld were considered with a deflection frequency from 500
Hz to 1000 Hz and 1/e? beam radius from 0.767 mm to 1.11 mm.

Before welding, the joints of niobium plates were polished and cleaned by using a 5% nital
solution to make the plates suitable for electron beam butt welding. Then the separated
niobium plates were fixed by clampers and placed into the vacuum chamber. A sketch of the

pure niobium plate and the welding configuration is shown in Fig. 78.
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Fig. 77 EB machine serial no. CVE 661, manufactured by Cambridge Vacuum Engineering.

Electron beam gun

Deflection coil

\g rf g Single path weld

Electron bea Deflected path weld

Welding specimens

Fig. 78 Design sketch of pure niobium plate weld.

After the niobium sample welded, the weld bead dimensions of top and bottom surfaces were
scanned by an Alicona optical 3D measurement systems, with an example shown in Fig. 79.
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The welded workpieces were also sectioned along the cut paths, ground, polished, and etched,
to reveal the cross-section fusion zone. The weld quality was assessed based on the weld bead

consistency, fusion size and level of excess power.
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Fig. 79 An example of EB weld bead surface scanning figures by using Alicona optical 3D measurement systems.

6.3 CFD Modelling

Computational fluid dynamics modelling was carried out by using ANSYS Fluent 2020R2
with user-defined functions (UDF) written in C++. One example of UDF codes can be found
from Appendix 2. By simply changing the metal properties, model dimensions, mesh size and
solid phase thickness, the CFD model in Chapter 4 can be directly applied in this thin plate

simulating case. The details of settings are shown below.

Mesh design of the model can be found from Fig. 80. The mesh size decreases from the outer
elements to the inner elements close to the weld seam. Confirmed study similar to Chapter 5
has been made to determine the independence of the simulation results on the mesh scale.
The mesh scale should be in a reasonable range to make the simulated shape consistent and
simulation time not too long. This led to 220160 hexahedron elements being used with a
minimum edge size of 0.25 mm. The simulation time step was fixed at 0.1 ms and the total

simulation time was 10 s. The materials properties for pure niobium are listed in Table 20.
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Table 20 Materials properties for pure niobium applied in CFD model.

Physical property Value
Thermal conductivity | 54.48 W/(m*K) at 300K
Density 8400 kg/m3

Latent heat of fusion | 288482 J/kg

Liquidus temperature | 2750 K

Specific heat 263.09 J/(kg*K) at 300 K

Surface tension 1.9258 N/m at 2800 K

Boiling point 5017 K

Viscosity 0.005177 kg/(m*s) at 2800 K [113]
Molecular 92.906 kg/kmol

Fig. 80 Model dimension setup and mesh design.

Same with the settings of CFD model in Chapter 4, in the present simulation, the following

assumptions and simplifications were adopted without affecting the accuracy of the solution.

e The molten pool is assumed to be laminar, incompressible and a Newtonian fluid.
e The electron beam power intensity was assumed to be of an ideal Gaussian

distribution.

Some important settings of the Fluent model can be found from the table below.
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Table 21 Some settings of the Fluent CFD model for simulating 2 mm thick niobium plate EBW.

Model parameters Setting value/introduction
Mutiphase model Homogenous model, VVolume of Fluid (VOF)
Interface type Sharp
Phases Two phases (gas phase as the main phase)
Phase interaction Continuum surface force with wall adhesion
Mushy zone parameter 4,000,000
Pressure-velocity coupling SIMPLE
Solution controls Default

The VOF interface tracking method was applied considering the computing efficiency and
model convergence. The interface type should be set as Sharp to reproduce the morphology
after molten pool solidification. The mushy zone parameter was setting 4,000,000 as low
value may cause unwanted movement of solid phase and high value will cause the problem of
convergence. The other setting values were set referring to previous EBW models or simply

set as default.

The interface tracking, conservation equations and heat source generation can be found from
Section 4.4. The only difference is the setting of boundary conditions, with both top surface
and bottom surface governed by Equation (38). And other walls were set as thermally
insulating by using Equation (39).

6.4 Results and Discussions

6.4.1 Weld Quality Evaluation Criteria Based on Simulated Results

There are four different weld results that can be received after the simulations, which are
shown in Fig. 81. The lack of fusion in Fig. 81 (a) caused by inadequate power input and the
burn through in Fig. 81 (d) with holes left after welding process should be strictly avoided.
The fully joining weld with a blind keyhole (Fig. 81 (b)) is preferred but a temporarily
keyhole penetrating (Fig. 81 (c)) is also acceptable.
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(d)

Fig. 81 Simulated results of weld quality. (a) lack of fusion. (b) Fully jointed with a blind keyhole. (c) Fully
jointed with a penetrated keyhole. (d) Burn through.

It should be emphasised that the instantaneous keyhole states may vary during welding and
affect the judgement of weld performance. Therefore, a method to assess the keyhole stability
based on simulated weld process was developed. For each simulation case, the simulated
weld time should last for 3 seconds to avoid the deviation caused by quality inconsistency

when the weld just begins, and then a screenshot was taken at every 0.1 second of following
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1.5 seconds weld time to record the variation of the fusion zone and the keyhole during the
1.5 second period. Table 22 depicts the joint assessment criteria based on simulated joint
shape, fusion zone and keyhole states. The simulated results should meet three conditions to

prove a good weld:

e No holes left after welding process.

e Lack of fusion situation never occur in the 15 screenshots.

e The situation of keyhole penetrating the whole plate occurs for less than 4 times in 15
screenshots.

Table 22 Assessment criteria of EB welded niobium plate based on simulated joint shape, fusion zone and

keyhole states.

Simulated Simulated
keyhole . Hole(s) left . .
lack of fusion . Joint quality
penetrated ) after welding
. times
times
- - Yes Bad joint.
i t =1/15 No Baql joint. Lack of fusion occurs
during welding.
4/15 > t =0/15 t=0/15 No Good joint with limited energy passed
through keyhole.
t >4/15 t=0/15 No Bad joint. Too much energy passed
through keyhole.

6.4.2 Single Path Weld

The simulation parameters of single path EBW were set as follows: beam power 1.8 — 3 kW
(value step 0.3 kW), welding speed 300 — 700 mm/min (value step 100 mm/min) and 1/e?

beam radius 0.8 — 1.8 mm (value step 0.2 mm). The simulated results are shown in Fig. 82.

Fig. 82 illustrates the suitable parameter range based on the simulation results. Considering
the beam intensity distribution is assumed to be Gaussian in the simulations, 1/e? beam radius
is selected for Fig. 82 and Fig. 83 as 1/e? beam radius can be used to derive several beam
characteristics of Gaussian beams [29]. For example, when 1/e? beam radius is 1 mm and
welding speed is 300 mm/min, the suitable beam power to avoid defects is from 1.8 kW to
2.1 KW. There are some cases with same maximum and minimum required beam power. It
means the suitable beam power range is smaller than 0.3 kW, for example 0.1 kW or 0.2 kW.

The range of this situation should be determined by further simulating with a value step of
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beam power lower than 0.3 kW. The cells with dash refer to the cases with beam power value

higher than 3 kW, but a specific number was not calculated in this study.

1/e? beam radius (mm)

- 08 1 |12 14 16 1.8
E£/30/[ 18|18 18 1.8 18 21
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o .
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Fig. 82 (a) The minimum beam power to avoid lack of fusion defects of specific beam radius and welding speed
based on the CFD simulation results. (b) The maximum beam power to avoid unstable keyhole and excessive

input power of specific beam radius and welding speed based on CFD simulation results.

Fig. 83 depicts the weld performance of 2.4 kw EBW with different normalized beam power,
energy input per unit length and 1/e? beam radius, based on the simulation results. It can be
found that the simulated results agree well with the experiments of [111]. When the energy
input per unit length is larger, the required normalized beam power is lower. However, the
required normalized beam power in simulation is lower than the experimental value of [111],

for example, the simulation results show that when the energy input is 0.345 kJ/mm, the
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normalized beam power should be between 60 to 120 to achieve a good weld. But in
experiments of [111], the energy input is increased to 0.42 kJ/mm for a similar range of
normalized beam power. This can be attributed to the lack of beam probing in [111],
therefore it seems impossible to calculate the accurate normalized beam power according the

given data.

To overcome this barrier, experiments using 2.4 KW electron beam have been conducted in
this study, and the parameters of each weld are listed in Table 23, including the detected 1/
beam radius. According to the assessment criteria listed in Table 22, the weld quality has
been well predicted by the simulation results. According to the simulated and experimental
results of single path welds, with the same beam power and welding speed, it is possible to
tune the focusing current to achieve a good joint quality. The 1/e? beam radius should be

adjusted to be equal or larger than 1.1 mm to avoid too intense beam.

Energy input per unit length (kJ/mm)
0.225| 0.27|0.285| 0.3 0.315| 0.33|0.345| 0.36|0.375

40| 1.854| 1.89| 1.924| 1.957| 1.99| 2.021| 2.05| 2.08| 2.109

60| 1.415| 1.442| 1.468| 1.494| 1.518| 1.542| 1.57| 1.587| 1.609

80| 1.168| 1.191| 1.212 1.233| 1.253| 1.273| 1.29| 1.31|1.328

100| 1.007| 1.026| 1.045( 1.063| 1.08| 1.097 1.11]|1.129|1.145

120] 0.891| 0.909| 0.925( 0.941| 0.956| 0.971| 0.99 1|1.014

140| 0.804| 0.82| 0.835[ 0.849| 0.863| 0.877| 0.89] 0.902| 0.915

160| 0.736| 0.75| 0.764( 0.777| 0.79| 0.802 0.81] 0.825| 0.837

Normalized beam power [43]

180| 0.68| 0.693| 0.706( 0.718| 0.73| 0.741| 0.75| 0.763| 0.774

200| 0.634| 0.646| 0.658| 0.669 0.68| 0.691| 0.70] 0.711| 0.721 1/ez beam

220] 0.595| 0.607| 0.618| 0.628| 0.639 0.648| 0.66| 0.668| 0.677| radius (mm)

Fig. 83 The good weld and unacceptable weld of 2.4 kW EBW based on the CFD simulation results. Green:
Good weld. Red: Unacceptable weld.
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Table 23 Experiments of single path electron beam welded 2 mm pure niobium plates compared with simulation

results.
. 1/¢? . Simulated Joint quality
Beam | Welding beam Simulated lack of from model Joint quality from
power speed di keyhole fusi based on criteri Xperiments
(kW) (mm/s) radius penetrated times uston ased on criteria Experime
(mm) times in Table 22
Bad weld. Open
2.4 400 0.6 11/15 015 Bad joint hole left, beam too
intense, excessive
power.
Bad weld. Beam too
2.4 400 0.7 8/15 0/15 Bad joint intense, excessive
power.
Bad weld. Beam
24 400 0.8 9/15 0/15 Bad joint punching through
workpiece.
Bad weld. Beam
24 400 0.9 6/15 0/15 Bad joint punching through
workpiece.
Bad weld. Keyhole
- collapsed two times,
2.4 400 1 4/15 0/15 Bad joint left two holes at the
end.
2.4 400 11 1/15 0/15 Good joint Good weld. No
EXCEeSSive power.
2.4 400 12 1/15 0/15 Good joint Good weld. No
EXCEeSSive power.
Good weld. No
2.4 400 13 2/15 0/15 Good joint excessive power,
stable cap and root.
Good weld. No
24 400 14 0/15 0/15 Good joint excessive power,
stable cap and root.
Good weld. No
24 400 1.7 0/15 0/15 Good joint excessive power,
stable cap and root.

6.4.3 Deflected Beam Welding

Fig. 84 and Fig. 85 depict an example of using CFD to simulate the weld bead profile of
deflected electron beam welded niobium plates, with beam power of 2.4 kW, welding speed
at 400 mm/s, 1/e? beam radius of 0.8 mm and a 500 Hz ellipsoidal deflection pattern (3 mm
length and 1.5 mm width). According to the two figures, the simulated results well
reproduced the weld bead profile, including the widths, humps and small undercuts. By
comparing the simulated and actual weld bead profile it can be concluded that the CFD
modelling methods introduced in this thesis is able to simulate the deflected EBW process

and to reproduce the weld bead dimensions.
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Fig. 84 A case of deflected electron beam welded niobium plates compared with the simulated weld bead

profiled.

Simulated result

2WZCCOM JZECE 7ul7 CC 122

Experimental result

Fig. 85 Cross section view of the deflected electron beam welded niobium plates compared with the simulated

cross section profile.

The simulation comparison of a deflected weld and a single path weld is shown in Fig. 86 and
Fig. 87. For both single path weld and deflected weld, the accelerating voltage was 60 kV,
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beam current 40 mA, welding speed 400 mm/min, and the 1/e? beam radius 0.8 mm. The
deflection pattern was a 1.5 mm diameter circle at 500 Hz frequency, centred at the weld
seam. For both weld situations, solid metal is heated up and an ellipsoidal shape molten pool
is generated. A convex weld seam is generated as liquid metal is driven by Marangoni force
and recoil pressure. Fig. 87 shows the temperature distribution from a perspective view.
Because the energy intensity is decreased by beam oscillation, the average top temperature of

deflected weld is about 700 °C lower than single path weld. For the single path weld, a

keyhole is frequently generated as the surface temperature is sometimes higher than the
evaporation point for niobium. The keyhole can restrain the molten metal from going
backward so a concave-convex weld seam occurs with single path weld and some holes are
left after welding. The interface temperature for a deflected weld is lower and the molten pool

surface is only slightly concave, therefore the weld seam looks smoother and more consistent.

The simulated single path weld and deflected weld are shown in Fig. 88(a) and Fig. 89(a).
The weld seam shape shows a good agreement with the experimental welded samples in Fig.
88(b) and Fig. 89(b). The weld direction is from left to right for both the simulations and the
experiments. From the simulation and the experimental results, it can be concluded that a
suitable deflected electron beam contributes to the consistency and smoothness of the weld

seam shape.

()

Fig. 86 Simulation comparison of: (a) single path weld and (b) deflected weld.
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contour-1
a Static Temperature (mi...
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Fig. 88 Simulation result of single path EBW (a) compared with experimental result (b).
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Fig. 89 Simulation result of deflected EBW (a) compared with experimental result (b).

Some further experiments have been conducted to verify the feasibility of applying CFD
model to predict joint quality, which have been listed in Table 24. According to the
assessment criteria listed in Table 22, the weld quality of deflected weld has been well

predicted by the simulation results as well.

According to the simulated and experimental results of deflected welds, with same beam
power and welding speed, it is possible to tune the focusing current and the deflection pattern
to achieve a good joint quality. For 500 Hz circle deflection pattern with 1.5 mm diameter,
the 1/e? beam radius should be equal to or larger than 1.03 mm to avoid too intense beam.
And for 500 Hz ellipsoidal deflection pattern with 3 mm length and 1.5 mm width, the 1/e?
beam radius should be equal to or larger than 1.11 mm.
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Table 24 Experiments of deflected path electron beam welded 2 mm pure niobium plates compared with

simulation results.

B . . 1/e? Simulated | Simulated | 90N quality
eam Welding Focusing b . from model . .
eam Deflection keyhole lack of Joint quality from
power speed current radius attern enetrated fusion based on experiments
kW) | (mmimin) | (mA) nm) P P s fimos criteria in P
Table 22
1.5 mm Bad weld. Beam is too
di.ameter intense and weld bead
2.4 400 290 0.767 circle 15/15 0/15 Bad joint collapsed for several
500Hz times. Holes left after the
weld.
1.5 mm Bad weld. Some excess
di.ameter power. Beam punching
2.4 400 390 0.804 circle 15/15 0/15 Bad joint through the Nb plates.
500Hz Some holes left after the
weld.
dlifmrggr o Good weld. Stable
24 400 440 1.03 circle 0/15 0/15 Good joint keyhole, no excess power
500Hz with a good cap.
Ie?'ngr;rrln& I_E’:ad weld. Beam is too
1.5 mm intense. Excess power.
2.4 400 385 0.804 Wi dth 15/15 0/15 Bad joint Keyhole collapsed
ellipsoid frequently. Too much
500Hz power density.
3mm
length & Good weld. Stable
1.5mm - keyhole. Consistent root,
24 400 235 111 width 3/15 0/15 Good joint Flat cap and root. No
ellipsoid eXCess power.
500Hz
3mm
longth & Bad weld. Stable
24 400 205 0.99 Width 11/15 0/15 Bad joint keyhole, but u_nderbead
ellipsoid are not uniform.
500Hz
6.5 Summary

This chapter illustrated a CFD model for electron beam weld shape prediction that is
compatible for both partially penetrated and fully penetrated EBW situations and shows the
prospect of applying in different materials. This CFD model was applied to predict electron
beam weld shape and to assess the weld quality of 2 mm high-purity niobium plate, which
provided useful information for SRF technology cavity welding. The influences of beam
power, welding speed, beam radius and deflection pattern on EBW joint shape and quality
have been studied. Based on the assessment criteria listed in Table 22, the weld quality of
both single path weld and deflected weld has been well predicted by the CFD models.

For the single path weld, the simulated results agreed well with the experiments of [111].
When the energy input per unit length is larger, the required normalized beam power is lower
to achieve an acceptable joint. Furthermore, the figures of required beam power range to

avoid weld defects of specific beam radius and welding speed based on the CFD simulation
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results were given, which could be a good reference for future SRF technology cavity
welding. Relevant experiments have been conducted to prove that the CFD models in the
thesis are reliable to predict thin plate EBW quality and shape, with considering both partially

penetrated situation and fully penetrated situation.

This chapter also highlighted the effect of beam oscillation on pure niobium electron beam
weld quality based on experiments and CFD modelling. The simulation results showed that
electron beam oscillation can reduce the maximum temperature of molten pool and inhibit the
generation of a keyhole to some extent, therefore the weld seam quality is better compared
with a single path weld. Simulated weld seam shape showed a good agreement with
experiments, and the CFD model also showed a good prospect in predicting electron beam

weld quality with different deflection modes.

This model is also able to augment experimental data that are input into machine learning
(ML) models for quality prediction of EBW fully penetrated situation, thereby reducing the
demand upon timely and costly testing programmes, similar as introduced in Chapter 4. This
simulation is promising for realizing the pre-assessment function of smart electron beam
welding system as well, i.e. integrating numerical model to the beam probing software and
providing quality assessment results automatically before welding, which will enable the

traditional EBW technology to meet the requirements of Industry 4.0.
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Work

7.1 Conclusions

This thesis developed a novel simulation tool for predicting electron beam weld shape with
the assistance of a 4-slits beam probing technology to reduce the amount of manual work
traditionally needed to achieve high-efficiency and high-quality welding joints. The research
contents include the beam characterizing, dimensions prediction of electron beam weld
profile, weld profile redrawing by using FEA, weld quality CFD simulation of partially and
fully penetrated EBW. Validated by experimental results, the model is able to predict the
weld shape for the partially penetrated welding situation and the weld quality for the fully

penetrated welding situation, with high accuracy and reliability.

According to previous studies, it is found statistic methods, numerical modelling and artificial
neural network can be applied in weld shape prediction, but there are limitations, such as low
prediction accuracy, costly and time consuming data collection process, lack of beam probing
data, small prediction range, etc. Therefore in this thesis several models are proposed to

overcome these deficiencies.

The methods of predicting EB weld profile dimensions introduced in previous studies were

compared in this thesis, including normalized power equation, W. GIEDT empirical equation,
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second order regression, CFD modelling and back propagation neural network. The
predictions cover a wide range of linear beam power ranging from 86 J/mm to 324 JJmm. The
characteristics of high-power electron beam were detected by a four-slits probe before
moving to the welding procedures. The 1/e? beam radius and focal situations, i.e., over focus,
under focus and sharp focus, were determined by the 4 slits probing system. The advantages

and disadvantages of each method were summarised.

By comparing different methods, it is found that BPNN with variables of beam current,
accelerating voltage, welding speed, relative focusing current, beam radius at x and y
direction, and without any virtual data, provided the best prediction on EBW penetration
depth. The average deviations of predicted dimensions in this research were close to the
estimated variability in the process and measurement, of 4% for depth and 7% for top width.
One reason of BPNN provide lower prediction deviation than other methods is that the beam
focal positions can be set as variables. Lack of focal position data induced significant outliers
of the predictions by normalized power method, the W. GIEDT empirical equation method
and CFD modelling.

But the BPNN method requires a minimum number of trial-and-error tests to tune the model,
which is 36 in this study. And when the number of trial-and-error tests is lower than 14, the
depth prediction accuracy is lower than that of CFD model. Furthermore, BPNN does not
provide a better top width prediction than the second order regression method, which could
be due to the limited number of training data. It is promising to apply the CFD model to
generate virtual data to tune neural network to realize rapid prediction when the experimental

training data are extremely limited.

An FEA model was introduced to redraw the cross-section weld profile. The beam spot
characteristics and weld profile dimensions could be used to determine the heat source
dimensions of finite element model, and different types of cross section weld shape were
successfully reproduced. The simulated results showed a good agreement with experimental
weld profile therefore the FEA modelling method can be further applied to estimate the

thermal field and other mechanical properties of the EBW joints.
By now, a clear logic line of electron beam weld shape prediction has been drawn:

e Collecting weld dimensions data from trial-and-error tests or from CFD simulations if
enough tests are unavailable.

e Using BPNN to predict weld profile top width and penetration depth.
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e Using FEA to redraw cross-section weld profile.

However, the method illustrated above was only for the partially penetrated situations and
had not been verified by another material. Therefore, a method of using CFD model to
predict the weld quality of both partially and fully penetrated EBW was introduced in
Chapter 6. This model could be used in real industrial productions, for example, welding SRF
technology pure niobium chambers. The influences of beam power, welding speed, beam
radius and deflection pattern on EBW joint shape have been studied, and the weld quality
with different weld parameters has been well predicted. The required beam power ranges to
avoid weld defects of a specific beam radius and welding speed for single path weld were
given, based on the experimental results and CFD simulation results. These data agree well
with previous study [111] and would be a good reference for future SRF technology cavity
welding. The CFD simulation results also showed that electron beam oscillation can reduce
the maximum temperature of molten pool and enhance the stability of the molten pool to
some extent, therefore the weld seam quality of SRF technology cavity is better compared

with a single path weld.

In conclusion, the weld shape prediction methods introduced in this thesis are promising to be
applied in industry to allow a less-experienced operator achieving high electron beam

welding quality.

7.2 Future Work

Based on the works in this thesis, if more time and resources are available, the study on
the electron beam weld shape prediction can be further improved and expanded in the

following aspects:

e Add the function of beam convergence angle detection in beam probing system. The
beam convergence angle, which refers to the impinging angle of electrons, plays an
important role in weld profile dimensions, especially the penetration depth. The
current beam probing system cannot detect the beam convergence angle automatically,
hence the prediction models should be transferred from welds with same filament type
and same working distance. The beam convergence angle detection function can be
achieved by adjusting the probe vertical position and then drawing beam caustics of
radius versus working distance. Therefore, the uncertainty caused by different beam
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convergence angle can be avoided and the beam probing system could be better
served with different working distance of EBW.

Improve the CFD model to generate more reliable virtual data regarding EBW
penetration depth. If the average deviation of EBW penetration depth predicted by
CFD can be further reduced, for example under 5%, it is more reasonable to apply the
CFD model to generate data to tune neural network for predicting EB weld shape in
the future, and the minimum number of trial-and-error tests can be much reduced as
well.

Combine other technologies and make the current EBW system meet the requirements
of the ‘Industry 4.0’ scenario. By combining the numerical model and artificial
intelligence, a real-time weld-profile prediction system will be developed and
integrated in current EB welding machines. The weld shape prediction system can
also be combined with other in-line monitoring technologies, such as backscattered
electrons detection [114], LDD keyhole detection [115], etc.
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Appendix 1 List of studies about EBW modelling

Heat
: Main tasks of EBW . . . Beam
year Research Title i Material Weld type Modelling type input - Heat source type Software
modelling characteristics
(k3/mm)
. L To study the influence of
2D-heat transfer modelling within X X X
o . . . vibrated/non-vibrated moving . . . .
limited regions using moving sources: Penetrated and Analytical 0.355 mm Gaussian axisymmetric volume
2003 o . thermal source and boundary 18MNDS steel . 6.96 . -
application to electron beam welding . oscillated weld model radius source
on the thermal field on EBW
[116] o
heat dissipation
To propose a model for
Determination of critical sample width | determining a critical welding 18MNDS5 low-
2004 | for electron beam welding process | sample width, beyond which alloyed steel, Al Penetrated weld 3D FEA 4.92 - Cylinder Gaussian heat source SYSWELD
using analytical modeling [62] the width of the welded joint alloy and steel
remains constant
To study the fusion zone with .
. i . . Gaussian heat source worked on
Fusion zone during focused electron- | the influence of beam power, Bead on plate Analytical . i
2005 . i i . - - - a paraboloid of revolution- -
beam welding [38] welding velocity, and focusing weld model .
shaped cavity
parameters
Investigation of electron-beam welding i i i Spherical and conical shape
. . To predict distortions and Penetrated and Up to . i i
2005 | in wrought Inconel 706—experimental . Inconel 706 . 3D FEA 2 mm radius heat source with Gaussian SYSWELD 2002®
i . residual stresses oscillated weld 0.225 o
and numerical analysis [75] power density distribution
Validation of three-dimensional finite | To simulate residual stress and Penetrated and . . i
. . Gaussian ellipsoidal and conical
2005 | element model for electron beam | distortion of EBWed Inconel Inconel 718 partially FEA 0.14 - heat MARC
eat source
welding of Inconel 718 [76] 718 plate penetrated weld
Influence of local heat treatment on . .
. i Simulate and reduce residual Penetrated and . .
2007 | residual stresses in electron beam DC01 . FEA 0.132 - Gaussian conical heat source MARC
i stress oscillated weld
welding [64]
Finite element modeling of electron .
. . A keyhole is formed and
beam welding of a large complex Al . L Partially .
2007 Simulate distortion Al alloy FEA - - Gaussian 2D heat source MARC
alloy structure by parallel penetrated weld
. worked at the surface
computations [117]
Estimation of the parameters of a
Gaussian  heat source by the | To predict weld parameter . Bead on plate . .
2007 18MnNiMo 2D FEA 6.96 1 mm diameter Gaussian source SYSWELD

Levenberg—Marquardt method:

Application to the electron beam

based on thermocouple data

weld
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welding [70]

Estimation of a source term in a two-

dimensional heat transfer problem:

To simulate HAZ and FZ

Bead on plate

2007 | application to an electron beam | based on an estimated 2D 18MnNiMo d 2D FEA 6.96 0.6 mm radius Gaussian 2D rectangular source SYSWELD
we
welding, theoretical and experimental | model
validations [71]
Reduction of residual stress and i . Penetrated weld Volumetric heat source with
o . To simulate residual stress and . . . .
2008 | deformation in electron beam welding i . - with pre heating FEA - - Gaussian power density -
. . X welding deformation o
by using multiple beam technique [65] by deflected beam distribution
Analytical ~ solution  for  three-
dimensional model predicting | To predict temperature in the Bead on plate Analytical . .
2008 . . . i i - - - Gaussian profile -
temperature in the welding cavity of | welding cavity weld model
electron beam [118]
Heat transfer and fluid flow during | To  simulate  temperature . . .
. . X Ti-6AI-4V and Bead on plate Analytical Up to 0.12-0.13 mm Gaussian heat source worked at
2009 | electron beam welding of 21Cr—6Ni— | fields, thermal cycles, weld . . -
. ) 21Cr-6Ni-9Mn weld model 0.065 radius the metal surface
9Mn steel and Ti-6Al-4V alloy [3] geometry, and fluid flow
Heat transfer and fluid flow during . . . .
. To predict weld geometry with Bead on plate Analytical Gaussian heat source worked at
2009 | electron beam welding of 304L i . 304L 0.01 - -
i different power density weld model the metal surface
stainless steel alloy [119]
Modelling of Seebeck effect in . . .
. To simulate the influence of . Partially 0.3 mm beam X COMSOL v.3.3 and
2009 | electron beam deep welding of Pure iron and copper FEA 12 . Conical heat source
. Seebeck effect penetrated weld radius Matlab
dissimilar metals [72]
An analytical model and tomographic | To study the power density . .
i o . Analytical Rotary Gaussian body heat
2010 | calculation of vacuum electron beam | distribution under different - - - - -
i . model source
welding heat source [120] focused conditions
Simulation on welding thermal effect
of AZ61 magnesium alloy based on i AZ61 magnesium Bead on plate Gaussian surface source and
2010 . . i To simulate weld shape FEA 0.1 - . -
three-dimensional modeling of vacuum alloy weld conical heat source
electron beam welding heat source [52]
The simulation of morphology of | To study the material Pure copper with . . .
. X X L " Partially About 0.4 mm Pseudo-stationary keyhole with COMSOL
2010 | dissimilar copper—steel electron beam | propagation during dissimilar AISI 316 austenitic 2D CFD, LS . X : i
. i penetrated weld 0.18 diameter static temperature Multiphysics 3.5
welds using level set method [82] metal EBW stainless steel
L . To study heat transport, FEA and . i .
The characterisation and modelling of . . Modified Three Dimensional
i . keyhole profile, pore . analytical model . .
2011 | porosity formation in electron beam i Ti-6Al-4V alloy Penetrated weld 0.074 0.4 mm radius Conical (MTDC) Heat Source SYSWELD
o generation and  hydrogen for keyhole
welded titanium alloys [23] . Model (FEA)
transport profile
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estimation

Numerical simulation of the electron

To simulate thermal field,

The conical heat source model

2011 . . 30HGSA steel Penetrated weld 3D FEA Up to 1.48 - . . o ADINA System
beam welding process [61] weld shape and residual stress with uniform power distribution
Bubble flow and the formation of . Penetrated and
i . To study the bubble flows AZ91D magnesium
2011 | cavity defect in weld pool of vacuum X bead on plate - Up to 0.22 - - -
. during EBW alloy
electron beam welding [121] weld
Temperature and stress fields in
electron beam welded Ti-15-3 alloy to | To simulate the temperature Ti-15-3 alloy and Rotated parabola body heat
2012 . . . i o . Penetrated weld 3D FEA 0.099 - ANSYS
304 stainless steel joint with copper | fields and stress distributions 304 stainless steel source
interlayer sheet [81]
Research on modeling of heat source . o
i . i i o Bead on plate Combined point-linear heat
2013 | for electron beam welding fusion- | To simulate thermal field TCA4 titanium alloy Id 3D FEA Up to 0.92 - -
we source
solidification zone [51]
A Process Model for Electron Beam i Standard three dimensional
2013 . i . . To simulate weld shape - Penetrated weld 3D FEA - - . SYSWELD
Welding with Variable Thickness [24] conical (TDC) model
Modeling and analysis of vaporizing Penetrated and
i . o i 1and 0.5 mm
2013 | during vacuum electron beam welding | To study vaporization Magnesium alloy bead on plate - - diamet Surface heat source -
iameter
on magnesium alloy [122] weld
Influence of gravity state upon bubble
. X . Penetrated and -
flow in the deep penetration molten i AZ91D magnesium Finite Volume
2013 . To simulate bubble flow bead on plate Up to 0.22 - - -
pool of vacuum electron beam welding alloy d Method, 2D
we
[123]
Theoretical and experimental analysis Heat source comprises
of  thermo-mechanical ~phenomena | To simulate weld shape and . . segments in shape of prisms
2014 i . . X5CrNi1810 steel Oscillated weld 3D FEA 0.12 - . i ADINA System
during electron beam welding process | residual stresses with trapezoid or rectangular
[106] base
Temperature field modeling and Penetrated weld
microstructure analysis of EBW with | To simulate weld shape and . with preheating Double-ellipsoid heat source
2014 ) o ) Ti-Al-Sn-Zr alloy ) 3D FEA Up to 0.41 - ) ABAQUS
multi-beam for near a titanium alloy | thermal field and post-heating modeling
[68] by deflected beam
Study on the effect of post weld heat
treatment parameters on the relaxation | To simulate residual stresses | 9Cr-1Mo (Grade 91) A cone and a double ellipsoid
2014 . i . Penetrated weld 2D FEA 0.252 - ABAQUS
of welding residual stresses in electron | and weld shape steel heat source
beam welded P91 steel plates [66]
Numerical model of the plasma | To study electron temperature, Bead on plate 2D plasma . COMSOL 4.3,
2015 . . i o - . . 0.6 0.15 mm radius -
formation at electron beam welding | potential distribution of weld simulation Plasma Module
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[124]

plasma and electric field

distribution

Predicting mesoscale microstructural

Kinetic Monte Carlo

o . . . Monte Carlo . o simulator, Stochastic
2016 | evolution in electron beam welding | To study microstructure Ni-200 Penetrated weld 0.03 0.16 mm radius Double-ellipsoid heat source .
[125] Potts model Parallel particle
Kinetic Simulator
Numerical analysis of fluid transport o
- Double-ellipsoid heat source on
phenomena and  spiking  defect .
. . i i 2219 aluminium Bead on plate . the upper surface and a heat
2016 | formation during vacuum electron | To simulate keyhole dynamics 3D CFD (VOF) - 0.25 mm radius . FLUENT
. . alloy weld flux dynamically loaded at the
beam welding of 2219 aluminium alloy
bottom keyhole
plate [48]
Numerical modeling of the electron
i i i To simulate thermal field, . . Gaussian conical like heat
2016 | beam welding and its experimental i . i Ti6A14V Penetrated weld 3D FEA 0.6 1 mm diameter -
o distortion and residual stress. source
validation [126]
Residual stresses induced by electron i . . .
o . To simulate weld shape, 6061 aluminium Bead on plate 3D volumetric conical heat
2016 | beam welding in a 6061 aluminium i i 3D FEA 0.73 - SYSWELD
thermal field and strains alloy weld source
alloy [127]
i . . . . Gaussian based on an oblique
Numerical simulation of electron beam | To simulate weld shape and Oscillated bead . . . . COMSOL
2017 i . o i Steel 3D CFD 0.6 0.25 radius elliptical cone with a spherical . .
welding with beam oscillations [54] molten pool dynamics on plate weld . Multiphysics
keyhole profile
Heat Source Modeling and Study on i
. . 3D conical heat source model
the Effect of Thickness on Residual i . Inconel 706 super- . . .
2017 o To simulate residual stresses Penetrated weld 3D FEA 0.15 - combined with a Gaussian ABAQUS
Stress Distribution in Electron Beam alloy
. surface heat source
Welding [69]
Finite element modeling of the electron | To simulate thermal field, . i
. . Spherical and conical heat
2017 | beam welding of Inconel-713LC gas | residual stresses and Inconel-713LC Penetrated weld 3D FEA 0.03 - ABAQUS
source
turbine blades [46] distortion.
Effects of welding condition on weld . . 2D Gaussian heat source and a
L To simulate weld shape and . Partially ] i
2017 | shape and distortion in electron beam . . Ti2AIND alloy 3D FEA 0.09 - 3D conical heat source with ABAQUS
. o distortion. penetrated weld o
welded Ti2AIND alloy joints [14] Gaussian distribution
Numerical analysis of thermal fluid
transport behavior during electron | To study keyhole evolution 2219 aluminium Bead on plate . A trapezoid Gaussian heat
2017 ) _ ) 2D CFD (VOF) - 0.25 mm radius ANSYS Fluent
beam welding of 2219 aluminum alloy | and molten pool dynamics alloy weld source
plate [49]
A three-dimensional model of coupling | To simulate thermal field and . Bead on plate . Direct absorption of electron
2017 Ti-6-Al-4V alloy CFD (LS) 0.066 0.13 mm radius C++

dynamics of keyhole and weld pool

keyhole dynamics

weld

beam by keyhole, and the
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during electron beam welding [57]

second absorption of reflected
electron beam by the keyhole.
Guassian volumetric heat

source.

The impact of transformation plasticity

. . To simulate thermal field and SA508 Grade 3
2017 | on the electron beam welding of thick- Penetrated weld 3D FEA - - - ABAQUS
residual stresses Class 1 steel
section ferritic steel components [128]
Extension of the double-ellipsoidal
SA508 Grade 3 . o .
2017 | heat source model to narrow-groove | To study thermal cycles Class 1 steel Penetrated weld 3D FEA 4.05 2 mm diameter A double-ellipsoidal-conical ABAQUS
ass 1 stee
and keyhole weld configuration [77]
An investigation of electron beam | To produce the acceptable EB .
2017 i . X Nb-1Zr-0.1C alloy Penetrated weld 3D FEA Up to 0.48 - 3D-Gaussian SYSWELD
welding of Nb-1Zr-0.1C alloy [129] welds by simulation.
i i . 3D conical Gaussian heat
Influence of multi-beam preheating | To  simulate  temperature Penetrated weld .
. o . . . source for welding and
2018 | temperature and stress on the buckling | distribution, thermal stress and SUS304 with pre heating 3D FEA 0.072 0.3 mm radius . SYSWELD
o . o rectangle uniform plane heat
distortion in electron beam welding [8] | welding distortion by deflected beam .
source for pre-heating
Solidification behavior of Inconel
2018 | 713LC gas turbine blades during | To simulate thermal field Inconel-713LC Penetrated weld 3D FEA - - - ABAQUS
electron beam welding [4]
Electron beam welding of Nimonic . o .
. . To simulate stress distribution, . . Partially
2018 | 80A: Integrity and microstructure i Nimonic 80A 3D FEA 0.146 - - SYSWELD
. thermal field and weld shape. penetrated weld
evaluation [130]
Direct absorption of electron
Optimization possibility of beam beam by keyhole, and the
scanning for electron beam welding: | To study keyhole stability and . Oscillated bead second absorption of reflected
2018 i . X Ti6AI4V alloy CFD (LS) 0.7 - C++
Physics understanding and parameters | keyhole dynamics on plate weld electron beam by the keyhole.
selection criteria [58] Gaussian volumetric heat
source.
Direct absorption of electron
. . . beam by keyhole, and the
Modeling fluid dynamics of vapor .
) . . . ) Bead on plate ) second absorption of reflected
2018 | plume in transient keyhole during | To study vapour dynamics Ti6AIl4V alloy CFD (LS) 0.05 0.7 mm radius C++
. weld electron beam by the keyhole.
vacuum electron beam welding [59] . .
Gaussian volumetric heat
source.
Numerical simulation of the electron | To simulate thermal field, . . .
2018 Nimonic 80A Penetrated weld 3D FEA 0.146 - Conical heat source ABAQUS

beam welding and post welding heat

weld shape and mechanical
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treatment coupling process [67]

properties.

A CFD-FEM model of residual stress

Bead on plate

2019 | for electron beam welding including | Residual stress predications Ti-6-Al-4-V d CFD-FEM Upto 0.1 - Surface tracking ABAQUS
we
the weld imperfection effect [50]
Electron beam welding of CrMnNi-
steels: CFD-modeling with i TRIP/TWIP steel Up to Double-ellipsoid conical heat
2019 » . To simulate weld shape . Penetrated weld 3D CFD - OpenFOAM
temperature sensitive thermophysical (16Cr-7Mn-6Ni) 0.288 source
properties [55, 55]
. . . . i . A rotating cylindrical heat
Simulation of heat transfer at welding | To simulate thermal field and Oscillated bead i
2019 . _ AMg6 3D FEA Up to 0.72 - source and a rotating surface -
with oscillating electron beam [63] weld shape on plate weld
source
A metallurgical and thermal analysis of . .
Thermal and weld shape Up to 1.5mm A spherical and a conical shape
2019 | Inconel 625 electron-beam welded i Inconel 625 Penetrated weld 3D FEA . -
. analysis 0.1875 diameter heat source
joints [131]
Numerical Simulation of the Particle . _—
. i . Fel6Cr—7Mn-6Ni . Double ellipsoidal geometry
Displacement during Electron Beam | To study MMC particle . . Partially .
2019 . o . . high-alloy austenitic CFD - - and conical geometry heat OpenFOAM
Welding of a Dissimilar Weld Joint | movement in weld pool penetrated weld
. . . TRIP/TWIP-steel source
with TRIP-Matrix-Composite [56]
Numerical simulation of keyhole
To reveal the mechanism of . Penetrated and
morphology and molten pool flow . 2A12 aluminium . Up to . .
2019 o . pores  formation,  keyhole partially 3D CFD 0.3 mm radius Rotating Gauss heat source Fluent
behavior in aluminum alloy electron- o i alloy 0.135
. stability and fluid flow penetrated weld
beam welding [12]
Microstructural assessment and
mechanical properties of electron beam . i . . . . .
i i i To simulate thermal field and SLM AISi10Mg Partially Circular disk model and a "line COMSOL
2019 | welding of AISi1l0Mg specimens 3D FEA Upto0.1 - . .
X . . weld shape alloy penetrated weld source" Multiphysics
fabricated by selective laser melting
[132]
Effects of welding parameters on weld . Penetrated and 2D Gaussian heat source and
. . To simulate weld shape and . . .
2019 | shape and residual stresses in electron icual sh Ti—22A1-25Nb partially 3D FEA 0.1368 - 3D conical heat source with ABAQUS
residual stress.
beam welded Ti2AINbD alloy joints [17] penetrated weld Gaussian distribution
Numerical simulation of heat transfer | To study dynamic behaviour
. X N N Penetrated and o . .
and fluid flow during vacuum electron | and keyhole stability of 2219 aluminium . . Gaussian-like axisymmetric
2020 . o . . . partially 3D CFD (VOF) 0.072 0.25 mm radius o Fluent 15.0
beam welding of 2219 aluminium girth | circumferential electron beam alloy distribution
. penetrated weld
joints [60] weld pools
Effects of space charge on weld | To simulate thermal field and Bead on plate o
2020 SS304 3D FEA 0.16 - Double-ellipsoid heat source ABAQUS

geometry and cooling rate during

weld shape

weld
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electron beam welding of stainless
steel [73]

Underlying causes of poor mechanical

To simulate thermal field,

Gaussian surface heat source

2020 | properties of aluminum-lithium alloy | weld shape and to prove Li 2195 Al-Li alloy Penetrated weld 3D FEA 0.12 1 mm radius and triaxial revolved gauss -
electron beam welded joints [74] loss happens body heat source
Numerical modelling of heat source | To simulate thermal field and AMg6 aluminium Bead on plate Combination of surface and
2020 ) ) 3D FEA 0.72 - -
during electron beam welding [108] weld shape alloy, carbon steel weld volume heat sources
o . Penetrated weld o
Investigation of cracks during electron . . . Double ellipsoid and Gauss
. . To study the cracking . with preheating
2020 | beam welding of y-TiAl based alloy i Ti-43AI1-9V alloy . 3D FEA 0.23 - surface MARC
mechanism and post-heating
[84] heat source
by deflected beam
Electron beam welding of precipitation . i Combined source of circular
. To predict the penetration Bead on plate Around i .
2020 | hardened CuCrZr alloy: Modeling and . CuCrZr alloy 3D FEA - and conical source with SYSWELD
X . depth and weld width weld 0.396 . o
experimentation [133] Gaussian heat distribution
Effect of heat distribution on
. . To study the thermal - .
microstructure and mechanical o . L . Up to Combination of gaussian heat
2020 . distribution on microstructure | Dissimilar TIAl/TC4 Penetrated weld 3D FEA - . ABAQUS
properties of electron beam welded . X 0.2145 flux and conical heat source
o . . and mechanical properties
dissimilar TiAl/TC4 joint [134]
Electron beam weld modelling of . .
. . i To predict the  micro-
ferritic steel: Effect of prior-austenite i SA508 Grade 3 i
2020 o . o constituents, hardness, and Penetrated weld 2D/3D FEA 4.05 - Conical heat source ABAQUS
grain size on transformation Kinetics . Class 1 steel
residual stress
[135]
Thermocouple temperature . .
i i To predict temporal evolution Bead on plate . i
2020 | measurement during high speed SS 304 3D FEA Upto 0.3 0.5 mm radius Conical heat source ABAQUS
. of temperature weld
electron beam welding of SS 304 [109]
Microstructural  characteristics and
computational investigation on | To simulate thermal- . Up to o
2021 . i Ti-6Al-4 V alloy Penetrated weld 3D FEA - Double ellipsoid heat source SYSWELD
electron beam welded Ti-6Al-4 V alloy | mechanical cycles 0.207
[136]
Influence of tack operation on
metallographic and angular distortion | To simulate thermal stresses . 3D conical heat source with
2021 | | . . . Ti-61-4V alloy Penetrated weld 3D FEA 0.108 - . o ANSYS 14.5
in electron beam welding of Ti-61-4V | and distortion Gaussian power distribution
alloy [137]
Numerical investigation on fluid | To study the influence of the .
) - o 2219 aluminium Bead on plate . i
2021 | transport phenomena in electron beam | focal position and incident 3D CFD (VOF) 0.18 0.25 mm radius Dynamic surface heat source -

welding of aluminum alloy: Effect of

beam angle on molten pool

alloy

weld
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the focus position and incident beam

angle on the molten pool behavior [80]

dynamics

Numerical modeling of the electron

To control deformation and

2021 | beam welding for port stub of CFETR . Stainless steel Penetrated weld 3D FEA - - - -
guide the manufacture
vacuum vessel [138]
Finite element analysis on the first wall . Ferritic/
. To simulate geometry, thermal . Goldak’s double ellipsoid heat
2021 | electron beam welding of test blanket . martensitic steels Penetrated weld 3D FEA - - MARC
cycles, and deformation source
module [139] (RAFM steels)
Comparison of welding residual stress
and deformation induced by local i . . Half ellipsoid volumetric and
: To simulate residual stress and SUS310S stainless X .
2021 | vacuum electron beam welding and . Penetrated weld 3D FEA 45 - conical heat source with MARC
i . . deformation steel o
metal active gas arc welding in a Gaussian distribution
stainless steel thick-plate joint [140]
Modeling and numerical study of the
molten pool dynamics during scanning e .
. . To study the molten pool 2219 aluminium Oscillated bead . Heat source
2021 | electron beam welding of aluminum . 3D CFD 0.1125 0.3 mm radius i Fluent 15.0
. . o dynamics alloy on plate weld based on a ray casting method
alloys: Physical mechanism, prediction
and parameter selection [79]
Impact of weld restraint on the
development of distortion and stress | To predict hardness o .
. i X SA508 Grade 4N Penetrated and Double-ellipsoidal conical heat
2021 | during the electron beam welding of a | temperature and micro- . 3D FEA 3.37 - ABAQUS
i . i low-alloy steel oscillated weld source
low-alloy steel subject to solid state | constituents
phase transformation [83]
Multi-scale simulation of solidification
behavior and microstructure evolution | To investigate the melting and Bead on plate Heat source
2021 . . o i Al-Cu alloy 3D CFD Up to 0.36 - i Fluent 15.0
during vacuum electron beam welding | solidification behaviours weld based on a ray casting method
of Al-Cu alloy [78]
Correlating the weld-bead’s ‘macro-,
. To study bead geometry,
micro-features” with the weld-pool’s . Bead on plate . i
2021 spiking defects, hardness and SS 201 3D CFD Up to 0.56 0.8 mm radius Surface Gaussian heat source -
“fluid flow’ for electron beam welded i . weld
ferrite arm spacing
SS 201 plates [141]
Crack generation mechanism and . .
To study the cracking Nb/GH3128 Up to Gaussian area and double
2022 | control method of electron beam i . o Penetrated weld 3D FEA - o ABAQUS
. mechanism of EBW joint dissimilar alloys 0.115 ellipsoid heat source
welded Nb/GH3128 joint [142]
Mechanical and functional properties . X NiTi shape memory About .
2022 . . To simulate temperature field Penetrated weld 3D FEA - Gaussian body heat source -
degradation mechanism of electron alloy 0.037
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beam welded NiTi shape memory alloy
[143]

2022

A study of process-induced grain
structures during steady state and non-
steady state electron-beam welding of
a titanium alloy [144]

To study thermal-
metallurgical-mechanical field

and to predict cooling rate

Ti-6Al-4V

Penetrated weld

3D FEA

Upto
0.124

A double ellipsoidal heat source
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Appendix 2 Example of UDFs used in EBW molten pool

simulation

#include "udf.h"
real De, Ds;

// The gradient of VOF
DEFINE_ADJUST(store VOF_gradient, domain)
{
#if IRP_HOST
Thread *t;
Thread *ppt;
Thread **pt;
cell t c;
real b;
int phase_domain_index = 1;
Domain *pDomain = DOMAIN_SUB_DOMAIN(domain, phase_domain_index);
Alloc_Storage_Vars(pDomain, SV_VOF_RG, SV_VOF_G, SV_NULL);
Scalar_Reconstruction(pbDomain, SV_VOF, -1, SV_VOF_RG, NULL);
Scalar_Derivatives(pDomain, SV_VOF, -1, SV_VOF_G, SV_VOF_RG,
Vof_Deriv_Accumulate);
mp_thread_loop_c(t, domain, pt)

{
if (FLUID_THREAD_P(t))
{
ppt = pt[phase_domain_index];
begin_c_loop(c, t)
{
C_UDMI(c, t, @) = C_VOF_G(c, ppt)[@];
C_UDMI(c, t, 1) = C_VOF_G(c, ppt)[1];
C_UDMI(c, t, 2) = C_VOF_G(c, ppt)[2];
}
end_c_loop(c, t)
}
}
Free_Storage_Vars(pDomain, SV_VOF_RG, SV_VOF_G, SV_NULL);
#endif

}

// The heat source location
DEFINE_ADJUST(heat_source_loc, d)

{

#if IRP_HOST
Thread *t = Lookup_Thread(d, 3);
cell t c;
real v;

Thread *ta = THREAD_SUB_THREAD(t, 0);
real x[ND_ND];

int y = 0;
int z = 0;
int b = 0;
int e = 0;
int h = 0;

// beam radii

real ra = 0.000600;
real rb = 0.000600;
// Travelling speed
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real sp = 0.666;

real ct;
De = 0.003;
Ds = 0.001;

d = Get_Domain(2);
thread_loop_c(t, d)
{
begin_c_loop(c, t)
{
C_CENTROID(X, ¢, t);
ct = RP_Get_Real("flow-time");
real i = 0;
real j = 0;
if (x[2] <= 0.003 && x[2] >= 0.001)

if ((x[@] - @.01 - ©.01 * ct * sp - i) * (x[@] - @.01 -
0.01 * ct * sp - i) / (ra*ra/2) + (x[1] - 0.015 - j)* (x[1] - ©.015 - j) / (rb*rb/2) <
1)

{
v = C_VOF(c, ta);
if (v < 0.5)
{
if (Ds < x[2])
{
Ds = x[2];
}
}
}
}
end_c_loop_all(c, t)
}
}
#endif

}

// Define Gaussian heat source
DEFINE_SOURCE(local_energy_source, c, t, dS, eqn)
{
#if IRP_HOST
int k = 0;
Thread *ta, *ts;
real x[ND_ND];
real dens, vof_gx, vof_gy, vof_gz, vof_g, dens_inter, disc, vofc, F, temp;
real source = 0;
real n = 1;

real ct;
real ra = 0.000600;
real rb = 0.000600;

real sp = 0.666;

// Beam current

real current = 40;

// Beam voltage

real voltage = 60;

ts = THREAD_SUB_THREAD(t, 1);
ta = THREAD_SUB_THREAD(t, 0);
dens = C_R(c, t);

dens_inter = (C_R(c, ta) + C_R(c, ts));
C_CENTROID(X, c, t);

dS[egn] = 0.;

ct = RP_Get_Real("flow-time");
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real i
real j
real Da;

Da = 0.001;

De = Ds-0.001;

// Beam efficiency

real ef;

ef = 0.6 + 0.3 * (( 0.003 - x[2]) / 0.01);
if (ef > 0.9)

=e;
:e;

{

ef = 0.9;
}
if (ef < 0.6)
{

ef = 0.6;
}

if (x[2] <= Ds && x[2] >= De)

source = (9 * current * voltage * ef * 2.71828 * 2.71828 * 2.71828) /
(3.1415 * (2.71828 * 2.71828 * 2.71828 - 1)) / ((Ds - De) * (ra * rb + ra * rb / 2 +
ra * rb / 4)) * exp(-3 * ((x[1] - ©.015 - j) * (x[1] - @.015 - j) / ((rb + (rb - rb /
2) / (Ds - De) * (x[2] - Ds)) * (rb + (rb - rb / 2) / (Ds - De) * (x[2] - Ds))) + (x[@]
-0.01 - 0.01 * ct * sp - i)*(x[@] - ©.01 - ©.01 * ct * sp - i) / ((ra + (ra - ra / 2)
/ (Ds - De) * (x[2] - Ds)) * (ra + (ra - ra / 2) / (Ds - De) * (x[2] - Ds)))))* dens /
dens_inter;

}
k = 0;
i=09;

return source;
#endif

}

// Define pressure source at x direction
DEFINE_SOURCE(x_pressure, c, t, dS, eqn)
{
#if IRP_HOST
Thread *ta, *ts;
real dens, vof_gx, vof_gy, vof_gz, vof_g, dens_inter, disc, source, vofc, F,
temp, state;
real xc[ND_ND];
real flow_time, torch_loc;
flow_time = RP_Get_Real("flow-time");

C_CENTROID(xc, c, t);

ta = THREAD_SUB_THREAD(t, 0);
ts = THREAD_SUB_THREAD(t, 1);
vofc = C_VOF(c, ts);

dens = C_R(c, t);

temp = C_T(c, t);

vof_gx = C_UDMI(c, t, 0);

vof_gy = C_UDMI(c, t, 1);

vof_gz = C_UDMI(c, t, 2);

vof_g = sqrt(vof_gx * vof_gx + vof_gy * vof_gy + vof_gz * vof_gz);

dens_inter = 0.5*%(C_R(c, ta) + C_R(c, ts));

state = ((temp - 2750) + abs(temp - 2750)) / (2 * abs(temp - 2750)+1);

source = ((1 + ©.08) / 2) * 101325 * exp(((temp - 5017) / (8.314472*temp *
5017)) * 696600) * vof_gx * dens / dens_inter;

source = state*source;

return source;
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#tendif

}

// Define pressure source at y direction
DEFINE_SOURCE(y pressure, c, t, dS, eqn)
{
#if IRP_HOST

Thread *ta, *ts;

real dens, vof_gx, vof_gy, vof_gz, vof_g, dens_inter, disc, source, vofc, F,

temp, state;
real xc[ND_ND];
real flow_time, torch_loc;
flow_time = RP_Get_Real("flow-time");

C_CENTROID(xc, ¢, t);

ta = THREAD_SUB_THREAD(t, 0);
ts = THREAD_SUB_THREAD(t, 1);
vofc = C_VOF(c, ts);

dens = C_R(c, t);

temp = C_T(c, t);

vof_gx = C_UDMI(c, t, 0);

vof_gy = C_UDMI(c, t, 1);

vof_gz = C_UDMI(c, t, 2);

vof_g = sqrt(vof_gx * vof_gx + vof_gy * vof gy + vof_gz * vof_gz);
dens_inter = 0.5*(C_R(c, ta) + C_R(c, ts));

state = ((temp - 2750) + abs(temp - 2750)) / (2 * abs(temp - 2750)+1);

source = ((1 + 0.08) / 2) * 101325 * exp(((temp - 5017) / (8.314472*%temp *

5017)) * 696600) * vof_gy * dens / dens_inter;
source = state*source;
dS[egn] = 0;
return source;

#tendif

}

// Define pressure source at z direction
DEFINE_SOURCE(z_pressure, c, t, dS, eqn)
{
#if IRP_HOST

Thread *ta, *ts;

real dens, vof_gx, vof_gy, vof_gz, vof_g, dens_inter, disc, source, vofc, F,

temp, state;
real xc[ND_ND];
real flow_time, torch_loc;
flow_time = RP_Get_Real("flow-time");

C_CENTROID(xc, c, t);

ta = THREAD_SUB_THREAD(t, 0);
ts = THREAD_SUB_THREAD(t, 1);
vofc = C_VOF(c, ta);

dens = C_R(c, t);

temp = C_T(c, t);

vof_gx = C_UDMI(c, t, 0);

vof_gy = C_UDMI(c, t, 1);

vof_gz = C_UDMI(c, t, 2);

vof_g = sqrt(vof_gx * vof_gx + vof_gy * vof_gy + vof_gz * vof_gz);
dens_inter = 0.5*%(C_R(c, ta) + C_R(c, ts));

state = ((temp - 2750) + abs(temp - 2750)) / (2 * abs(temp - 2750)+1);
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source = ((1 + 0.08) / 2) * 101325 * exp(((temp - 5017) / (8.314472*temp *
5017)) * 696600) * vof_gz * dens / dens_inter;

source = state*source;

return source;
#endif

}
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