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New environmental regulations and policies have transformed the manufacturing
industry to develop capabilities for high uptake of structures which are lighter,
stronger, and cost-effective. This transformation has expedited the development of
new lightweight materials and joining technologies to support the high-volume
manufacturing. The use of Aluminium alloys for lightweight manufacturing has
increased in the past decades in the automotive industry from 35 kg to around 200 kg
per vehicle. Welding of high-strength aluminium alloys is challenging due to high hot
cracking susceptibility due to the rupture of the molten metal film at the grain
boundaries during the solidification process. There are two possibilities to reduce the
susceptibility to hot cracking: (i) Optimisation of process parameters to influence
solidification conditions to promote generating equiaxed grain structure in the fusion
zone; and (ii) Welding of dissimilar aluminium alloys and optimising the
concentration of the weld.

It is crucial to have shortened lead time for the rapid development and deployment of
new joining processes for the new lightweight materials. Current methodologies for
the selection of robust process parameters provide limited performance due to (i) a
limited understanding of the interaction of the material with the advancement in
joining technologies; (ii) extensive dependence on manual expertise for the selection
of process parameters based on a trial and error method; (iii) time intensive high
fidelity models to survey the parameters space resulting in limited industrial
applicability and scalability, hence constitute a significant barrier in quick selection of
robust process parameters to decrease the lead time.

The proposed framework is based on three methodologies which explore Remote
Laser Welding: (i) developing physics-based simulations to establish the relationship
between material's behaviour with the varying process parameters; (ii) incorporating
a sequential modelling approach to balance between high accuracy and computation
time to survey the parameter space; and (iii) development of the process capability
space for the quick selection of robust process parameters. Three physical phenomena
are considered in the development of numerical modelling which are (i) heat transfer,
(ii) fluid flow and (iii) diffusion to investigate the effect of process parameters on the
weld thermal cycle, solidification parameters and solute intermixing layer during laser
welding of high-strength aluminium alloys all of which provides a qualitative
relationship to the grain morphology. The governing physical phenomena are
decoupled sequentially, and process performance indicators are estimated based on the
governing phenomena. At each step, the process capability space is defined over the
parameters space based on the constraints specific to the current physical phenomena.
The process capability space is defined by the constraints based on the process
performance indicators. The process capability space is refined at each step (sequential
modelling) based on the requirements of downstream processes.

The numerical model is developed using COMSOL Multiphysics software which is
further verified experimentally with measurements specific to each physical
phenomenon. The proposed modelling framework decreases the total computation
time to survey parameter space by 55% and the developed model shows good accuracy
with an error of 3.1%.
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1.1 Motivation for the Thesis

The automotive industry is aiming towards lightweight manufacturing. The
motivation behind the development of lightweight vehicles is to reduce CO2 emissions
and improve fuel efficiency. Ghassemieh et al. [1] reported that the fuel economy
improved by 7% for every 10% reduction in weight. Swift changes in the requirements
of the markets and the pressure of delivering high-quality products have accelerated
the utilisation of new emerging technologies and breakthroughs in the automotive
industry such as the use of new production technology (remote laser welding, RLW)
for lightweight materials, collaborative automation with cobotic system for
lightweight compliant structures and simulation solutions (advanced digital twins for
production processes with lightweight compliant structures) to speed up the
manufacturing process development phase and respond more rapidly to changing
customer needs [2-5]. The automotive industry needs to ensure high productivity and
cost efficiency in the increasing product variety needs with sustained or reduced time-
to-market.

This has accelerated the development of joining processes such as RLW
having capabilities such as non-contact, single-sided joining, the ability to create joints
in different locations using robot repositioning and the ability to create a joint in
seconds using a high-power laser beam for rapid development and deployment of new
lightweight subassemblies such as used in battery electric vehicles (BEV). As a
consequence, there is also a need for a paradigm shift towards right-first-time process
development and ensuring near-zero defect manufacturing due to BEV engineering

requirements. Therefore, the manufacturing industry requires a transformative
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framework for the new product introduction (NPI) to reduce the design time and
ensure product quality.

This framework can be built on efficient in-process monitoring, and weld
quality assurance to accelerate the deployment of the welding processes for multiple
product variants made of lightweight materials required by BEV. In the context, the
selection of robust welding process parameters is the key challenge for high-volume
manufacturing of multiple lightweight product variants. The selection of robust
process parameters depends on the mechanical performance of the welded structure
which depends upon the weld quality. The “Key Performance Indicators” (KPIs)
evaluate the weld quality requirements such as weld width, throat thickness,
penetration depth, and mechanical strength as defined by the industrial standards [6].
These KPIs depend on the weld thermal cycle, grain morphology, solidification
parameters, weld profile and chemical composition of the weld. The weld formed must
satisfy all the allowable ranges of each KPI and any violation from these ranges is
considered as the formation of weld defects. Therefore, a considerable amount of
research has been performed to develop a relationship between the process parameters
and the KPIs [7,8]. Currently, the selection of robust process parameters and the
process development is done through trials and errors and relies on time-consuming
experiments [9,10]. Here, the robust process parameters refer to the specific
combinations of parameter settings or variables within a manufacturing process that
satisfies all the necessary requirements that are able to consistently deliver desired
outcomes.

However, experiments alone are not sufficient to survey the parameters space,
as it takes weeks or months to run and process them [11]. Numerical-based simulation

models for laser welding are developed based on the Finite Element Method (FEM) to



provide insights into the process behaviour by providing Intermediate Performance
Indicators (IP1s) such as peak temperature, heat affected zone (HAZ) volume, thermal
gradient, cooling rate and solute concentration in the weld. These IPIs are either very
difficult to measure or/and time extensive to be evaluated experimentally. The IPIs are
the model outputs which may be determined directly from the experiments but provide
critical insights to understand the process and have direct or indirect relation with the
KPIs. KPIs are the final outputs which can be directly estimated from the experiments
and are currently used for the comparison of a numerical model with the experiments.
The KPIs are the key parameters which are defined to assess the quality of the weld
which depends on processes and product variant. It also provides a direct analysis of
the performance. These simulations of the laser welding process provide the direct
estimation of KPIs to predict the weld quality saving time and resources. Efficient
FEM laser welding models provide the option to be (i) run in the entire parameters
space (high fidelity simulations which replace physical experimentations); or (ii)
integrated with physical experiments in such a way that simulations are run in un-
tested settings of parameters space decreasing the number of experiments required
(lower fidelity simulations which reduce the number of necessary physical
experiments). Low fidelity models in general predicts IPIs and develops correlation
with KPlIs either qualitatively or quantitatively. E.g., Thermal model can predict the
depth of penetration based on the melting temperature of the alloy by applying the
constraint. This is done by generating the correlation between the weld thermal cycle
and KPIs. Whereas high fidelity model can directly predict some of the KPIs, e.g.
Fluid flow model can predict the depth of penetration as defining the region where

liquid molten pool is formed.



Laser welding is a multi-phase (solid, liquid and vapour) and multi-physics
such as heat transfer, fluid flow, element transport, and driven process and thus, no
current model has the potential to fully explain and co-relate all the governing physical
phenomena, process parameters and KPIs. Furthermore, high computational runtime
and resources (high-end processors, RAM, storage with solid-state drive) are required,
depending upon the complexity of physical phenomena considered, which makes it
impractical to utilise a high-fidelity FEM model for process parameter selection. So,
there is a need for a framework such that the computation time can be reduced to
survey the process parameters space for the selection of robust process parameters.

To sum up, RLW speeds up the welding process for lightweight manufacturing
with improved weld quality and reduced time-to-market. Furthermore, it provides
flexibility in design due to non-contact and single-side welding with large stand-off
distance. However, the understanding of the effect of process parameters on the
IPIs/KPIs is not fully understood and the selection of robust process parameters is time
and resource intensive. Therefore, the motivation of this research is to develop a
modelling framework for quick assessment and selection of robust process parameters

during the early design phase.

1.2 Current challenges with Remote Laser Welding, Research Questions
and Research Objectives

The automotive industry is aiming toward the reduction of body weight
without hampering structural integrity. Davies et al. [12] suggested that the body-in-
white (often referred to as the "white body™) and internal combustion engine (ICE)
were the major contributors to the weight of the vehicle therefore, body-in-white

weight should be considered a critical design requirement for weight reduction. The



partial or complete replacement of traditional structural metals with lightweight metals
such as high-strength steel, and aluminium alloys including new high-strength alloys,
magnesium alloys or composites can significantly reduce the total body weight. The
development of lighter structures enables not only a decrease in fuel consumption but
also allows the ability to use equivalent weight for cargo and passenger transportation.
Aluminium alloys are usually the material of choice due to their abundance, low cost,
recyclability and corrosion resistance. The new design solutions focus on using a
higher proportion of Aluminium alloys as a structural material or combining it with
other automotive grades of aluminium alloys [13]. Welding techniques with high
power density like laser welding (LW) are used for joining these lightweight materials
with higher precision and speed as compared to conventional welding techniques.
Sustainable manufacturing needs key enabling technologies that can help the welding
industry to understand and answer the environmental and economic challenges. This
means producing products with near-zero defects, cheaper, better and faster.

Remote Laser Welding (RLW) is one of the joining processes which can
potentially meet the above-mentioned requirements as it offers a non-contact single-
sided joining technology that allows high-speed welding for high-volume
manufacturing [14]. It provides several advantages such as imposing heat in a very
localised manner by modulating the power and location of the heat source which
provides flexibility in terms of temperature field, flow field and concentration field
developed to weld new generations of lightweight alloys. It provides a high depth-to-
width ratio, less distortion due to less heat input to the workpiece, high welding speed
with remarkable processing efficiency and can be easily automated by embedding the
laser optics on the robot and scanning mirror as end-effector, for high productivity

[15-17]. It creates a narrow fusion zone and heat-affected zone pertaining to less



metallurgical changes to the workpiece. The high-power density of the RLW leads to
a high aspect ratio which makes it suitable to weld structures for dissimilar lightweight
alloys in a hybrid joint configuration starting from thin sheets to thick plates having
high throughput. The main advantages of high-power density (i.e., high power
intensity but low overall heat input) such as high welding speed, more control over
weld quality and low overall capital cost are shown in Figure 1.1. These advantages
have accelerated the application of the RLW process for lightweight assembly in BEV

manufacturing.
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Figure 1.1 A variation of power density with the heat input to the workpiece for
different welding techniques [18]

The selection of robust process parameters is important to avoid various
unacceptable weld defects such as improper fusion, lack of penetration, and distortion.
Currently, the quality of the weld is assured in four steps: (i) establishing optimum
process parameters based on a trial and error approach; (ii) checking the variation
(repeatability and reproducibility) and process capability of the selected process
parameters for similar weld attributes and using the same parameters during the
production phase; (iii) ensuring the required weld quality by performing various

destructive and non-destructive weld characterization techniques to estimate the KPIs;



and (iv) conducting modification and refinement of the process parameters to satisfy
all the KPls.

A key challenge is the selection of robust weld process parameters (WPPs) to
meet the weld quality, i.e., to satisfy all the KPIs. The effectiveness of the RLW
process in enhancing weld quality relies on the intrinsic flexibility of RLW
technology, which enables precise control over the application of heat to the welded
materials. This includes the RLW capability for laser beam oscillation, beam shaping,
and power modulation. This flexibility of RLW increases the number of initial weld
process parameters whose effect needs to be understood and the selection of robust
parameters is challenging especially based on the current method of trial and error.
The selection of robust WPPs is critical to satisfying the weld quality requirements
which depend on the requirements of the downstream processes such as surface finish,
strength, weld dimensions and shape. With the increasing number of input process
parameters, it is impractical to survey the parameters space by experiments alone as it
is time and resource intensive. Therefore, the development of a numerical model is
essential to establish the relationship between the weld quality and process parameters
for the selection of robust process parameters during the design phase with a minimum
number of experiments. High-fidelity numerical models require large computational
time to solve which makes it impractical to survey the whole parameters space for the
selection of robust process parameters whereas low-fidelity numerical models are able
to describe the most prominent physics at a reduced computation time and resources.
Therefore, a sequential modelling approach is proposed to balance between high
accuracy and computation time (i.e., high-fidelity models) and low computation
resource requirements models (i.e., low-fidelity models). The main steps to survey the

parameters space using a sequential modelling approach are: (i) first step is the



development of a low-fidelity model based on one or two independent phenomena:
(ii) defining IPIs/KPIs based on the physical phenomena with the allowable
constraints to achieve the required weld quality; (iii) the WPPs within the allowable
limits of IPIs/KPIs are selected and the region or space is defined as process capability
space; (iv) in the low-fidelity model, next governing phenomena is added; (v) new IPIs
and KPIs are defined based on the new physical phenomena and constraints are
defined based on the required weld quality; (vi) the process capability space defined
in the step (iii) is used instead of complete parameters space to define the new process
capability space due to the addition of newly added phenomena. In this sequential
modelling approach, a low-fidelity model based on a particular physical phenomenon
such as heat transfer is developed to mirror the flow of heat but leave out all other
physical phenomena such as mechanical deformation, fluid flow, and element
transport. Relevant KPIs/IPIs are determined which is described by this low-fidelity
model and the whole parameters space is surveyed. Based on the constraints on the
KPIs/IPIs depending on the weld quality, the allowable WPPs are selected and these
WHPPs are feasible and can be selected for the welding such that they will maintain the
weld quality which is assessed by the respective IPIs/KPIs. The combination of all
possible WPPs within the allowable limits of the IPIs/KPlIs is defined as the process
capability space. In the next step, another governing physical phenomenon is added to
the low-fidelity model which describes new KPIs/IPIs. However, in this step, only the
determining process capability space of the previous step is surveyed. Just to note here
that before the development of process capability space it must be tested if the newly
added phenomena have an impact on the output under consideration. Again, new
constraints are added to the new KPIs/IPIs and a more refined region on the parameters

space is developed. This decreases the computational time as at each step fewer points



or smaller regions are required to be solved by the numerical model to survey the
whole parameters space which is illustrated in Figure 1.2. It presents the schematic
illustration of the sequential modelling approach.

In Figure 1.2 column one represents the parameters space (Figure 1.2 (a)) or
process capability spaces (Figure 1.2 (b)-(e)), and the dotted points on these spaces
represent the input parameter combinations for the numerical model to solve for,
column two represents the number of simulations that need to be run to survey the
parameter space and column three provides the computation time needed to solve to
survey the respective space at each stage. It should be noted that the computation time
mentioned is the average time taken to compute the numerical model to simulate the
laser welding process based on the finite element method (described in detail in
Chapters 3, 4, and 5) in this study. Three physics-driven phenomena are solved to
survey the parameters space (Figure 1.2 (a)), which are heat transfer (detailed
presented in Chapter 3), fluid flow (detailed presented in Chapter 4) and material
mixing (mass transport) (detailed presented in Chapter 3). High fidelity model is a
combination of all three physics which takes 36 hours (computation time as presented
in this study) to compute a solution using a numerical model for each data point in the
parameters space. Parameters space is defined as the area of the multidimensional
combinations and interactions of process parameters (WPPs) and input variables that
have been illustrated to assure quality [19]. It is a function or a relation between the
critical WPPs and critical IPIs/KPIs. Figure 1.2 shows that there is a decrease in
computational time by more than 55% to survey the parameters space using the
sequential modelling approach. Just to note here that prior experiments are needed for
the verification and validation of the numerical which includes the calibration of heat

sources and absorptivity coefficient value which is discussed in detail in result chapter.
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(e)
Final process capability Total computation time,
space = 4 points t; =t, +t5+t,= 480 Hours
T s
Parameter |
Total survey time using high-fidelity Total survey time using sequential
model = 1080 Hours modelling = 480 Hours

Figure 1.2 Schematic illustration of the sequential modelling approach to survey the
complete parameters space. The points on the map are representative of the process
parameter combinations and the computational time provided is the actual average
time to solve the model solved in this study. (a) represents the parameters space for
two process parameters, (b) process capability space based on the constraints on
KPIs/IPIs based on temperature simulation, (c) process capability space based on the
constraints on KPIs/IPIs based on temperature and fluid flow simulation, (d) process
capability space based on the constraints on KPIs/IPIs based on temperature, fluid
flow and mass transport simulation and (e) shows the final process capability space.
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The scope of this thesis is to simulate the remote laser welding process for
welding of high-strength aluminium alloy for lightweight manufacturing which is
highly utilised in BEV as it combines the advantages of different grades of aluminium
alloys such as low density, good formability, high strength-to-weight ratio, corrosion
resistance, formability and weldability [20,21]. However, evidence indicates that high-
strength aluminium alloys have high hot cracking susceptibility due to the rupture of
the molten metal film at the grain boundaries during the solidification process [22—
25]. Three distinct types of cracking referred to as "hot cracking.” These types are as
follows: (i) Solidification crack: These cracks appear at the fusion zone towards the
end of the solidification phase, (ii) Liquation crack: These cracks occur in the heat-
affected zone (HAZ) along the boundaries between grains, (iii) Weld metal liquation
crack: observed in multi-pass welding, resulting from the remelting of grain
boundaries [26]. Hot cracking typically occurs during the final stages of solidification
and is influenced by a combination of mechanical, thermal, and metallurgical factors.
The formation of such cracks is detrimental as they create stress concentrations that
can lead to premature failure. Welding of 5xxx and 6xxx high-strength aluminium
alloys together is considered beneficial as it results in more acceptable chemistry and
the weld chemistry is moved from the peak of the crack sensitivity curve [26,27].
There are two possibilities to reduce susceptibility to hot cracking: (i) Optimisation of
process parameters to influence solidification conditions to promote generating
equiaxed grain structure in the fusion zone; and, (ii) Welding of dissimilar aluminium
alloys and optimising the concentration of alloying elements by more mixing in the
remote laser welding process. The formation of equiaxed grains and material mixing
depends on the weld thermal cycle, convection due to fluid flow, solidification

behaviour and mass transport due to diffusion and convection. These weld attributes
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depend on the weld process parameters and proper selection of robust process
parameters is critical and challenging to avoid weld defects. However, experiments
are not sufficient to survey the parameters space as it is time and resource intensive.
An alternative to the experimental investigation is a physics-driven model which
solves numerically the governing physical phenomena to emulate the laser welding
process. Even the survey of the whole parameters space by high fidelity numerical
model is time intensive and not possible practically. The idea is to develop a process
capability space framework based on a sequential modelling approach to reduce the
computation time for the quick selection of robust process parameters. According to
the reviewed literature in Chapter 2, the research gap identified as: (i) characterisation
of the laser welding process in the current literature is mainly based on a single input,
single output or multiple input single output scenario, (ii) time intensive high-fidelity
numerical model to survey the parameters space, (iii) lack of understanding of the
effect of welding process parameters on the IPIs/KPIs with consideration to beam
oscillation and beam shaping, and (iv) lack of a framework for quick assessment and
selection of robust process parameters during the early design phase.

Based on the aforementioned research requirements, the research questions
(RQ) are outlined as articulated below:
RQ1: What is the effect of different laser welding process parameters on the weld
thermal cycle, fluid flow, solidification behaviour, grain morphology and mass
transport during the laser butt-welding of high-strength aluminium alloys with
consideration to beam oscillation and beam shaping?
RQ2: How to quickly select the robust welding process parameters during the early
design phase to achieve the weld quality requirements for the laser welding of high-

strength aluminium alloys?
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Therefore, the key objectives are mentioned below to pursue the above research

questions:

Objective 1: To investigate the effect of welding process parameters on the weld
thermal cycle and development of process capability space during laser welding
with consideration to beam oscillation.

Objective 2: To investigate the effect of welding process parameters on the fluid
flow, solidification behaviour and grain morphology and development of process
capability space during laser welding of dissimilar high-strength aluminium alloys
with consideration to beam oscillation.

Objective 3: To investigate the effect of welding process parameters on the solute
mixing development of process capability space during laser welding of dissimilar
high-strength aluminium alloys with consideration to beam oscillation.

Objective 4: To investigate the effect of an adjustable-ring mode laser beam (beam
shaping) on the solidification behaviour and grain morphology during laser

welding of high-strength aluminium alloys.

Table 1.1 provides a research roadmap of the problem, motivations, requirements,

limitations, objectives, methodology and model validation.
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Problem

Motivations

Requirements

Table 1.1 Research Roadmap

State of the art
limitations

Objectives

Methodology

Contributions

Model validation

Estimation of weld
attributes and
reduction of
physical
experiments in
Laser welding for
NPI

Identifying joining
process for
lightweight

manufacturing

Improving the
joining process to
ensure Near-Zero

Defect

Manufacturing

Understanding and
proper selection of
weld process
parameters to ensure
Right First Time

Reduction of early
design time for NPI

Reduction of
resource wastage
and ensure increased
productivity

Physics-based numerical
model to simulate remote
laser welding process

Time and resource
expensive experimental
estimation

Multi-physics model to estimate
weld thermal cycle (Chapter 3.
Paper 1)

Computationally less time-
expensive numerical model
to estimate weld thermal
cycle

Computationally and time
expensive high-fidelity
FEM model

Computationally fast FEM
model for weld thermal cycle
estimation (t<=2 hours)
(Chapter 3. Paper 1)

Data generator for low
fidelity swrogate model or
data driven models

Statistical multivariate
models with linear
approximation

Development of regression
model based on the data
generated by the FEM model
(Chapter 3. Paper 1)

Formulation of heat transfer model to

estimate weld thermal cycle

* Problem formulation, defining boundary
conditions, heat source, optimise mesh
for reducing computational time.

+ Identifying inputs and outputs of
interest, formulation and defining IPIs
and KPIs.

* Developing surrogate model using data
generated from FEM simulation for
quick estimation

Quantitative estimation of
weld attributes as a
function of WPPs

Capability restrictions to
estimate weld attributes
experimentally

Define IPIs and KPIs to
determine weld quality (Chapter
3-6, Paper 1-5)

Weld quality evaluation
based on MIMO scenario

Weld quality is evaluated
based on SISO or MISO

Evaluating weld quality as a
function of WPPs to fulfil
MIMO (Chapter 3-6, Paper 1-5)

Scalability to various alloy
and joint configuration

Capability for fixed
design

To investigate effect of WPPs
on solidification behaviour and
grain morphology with
consideration to beam
oscillation and beam shaping
(Chapter 4 and 6, Paper 3 and 5)

Relation between WPPs,
IPIs and KPIs

Capability for fixed alloy
system

To investigate effect of WPPs
on fluid flow and mass transport
(Chapter 4. Paper 2 and 4)

Sequential introduction of RLW process
variation such as beam oscillation, beam
shaping, power modulation

+ Sequential coupling of physics in the
numerical model

* Develop relation between WPPs, IPIs
and KPIs based on MIMO

+ Scalability to different joint
configuration and alloy combination

+ Develop relation between grain
morphology, solidification behaviour
and WPPs

Lack of datasets at initial
design and production
stages

Complex DOE matrix
with an increase in input
variables

Need of framework for
quick selection of process
parameters

Resource and time
expensive parameter
optimisation using
experiments

Reduce number of
experiments to save time
and resources

Too many process
parameters to be
optimised

Quick selection of process
parameters to reduce
development and design time
for NPI
(Chapter 3-5. Paper 1)

Process capability space framework for
process assessment and process parameters
selection for initial design phase

Understand influence of WPPs on IPIs and
KPIs for process improvement

Optimum initial range of
process parameters at early
design phase to decrease
development time for NPI

No data in NPI and
process variation

Survey design space using high
fidelity models in a less
computational time and

resources (Chapter 3-5, Paper 1)

Refinement of Process capability space
based on the requirements of downstream
processes by defining constraints over
WPPs, IPIs and KPIs.

Estimation of
influence of
transport
phenomena on weld
attributes as
function of process
parameters to
understand root
cause of defects and

improve

welded structure

Extending FEM
models for variation

in RLW like beam
illati
shaping

Process capability
space framework for
process assessient
and reducing
physical
experiments

Process capability
space refinement

requirements of the
downstream
processes leading to

time

Validation of the
model by
comparing the
obtained
experimental results
using case studies:
1. Joining of Al-
6061 with Al-
5754 in butt
joint with and
without
oscillation
configuration
Joining of Al-
5083 in butt
joint
3. Joining of Al-
5754 with Al-
6005 in butt
joint
4. Joining of Al-
6xxx in lap
Jjoint

(=

Scalability of the
model to various
process variations.

Obtaining specific
experimental results
for the validating
specific physics

modelled.

Interpretability of
solidification
behaviour and
mechanical
performance using
numerical model
and experiments

Demonstrate
process capability
framework for Al-
5754 to Al-6005
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1.3 Thesis Organization

Chapter 2, titled “Literature Review”, reviews the related literature in the field
of laser welding, operational characteristics of laser welding, and new developments
in laser welding such as beam oscillation and beam shaping and highlights the research
gap this thesis is focussing on. Further, it reviews the reported work in the field of
numerical modelling of laser welding and process monitoring.

Chapter 3 proposes a methodology to estimate the weld thermal cycle with
consideration to beam oscillation using a heat transfer model. It also proposes a
surrogate model for the quick estimation of WPPs as a function of IPIs. (Paper-1 [28]).

Chapter 4 proposes a methodology to quantify the effects of fluid flow during
laser welding. The fluid flow behaviour is estimated for circular and sinusoidal beam
oscillation welding. It also provides a methodology to analyse the grain evolution by
integrating the experiments and results from the numerical simulation and developing
the process capability space based on the heat transfer and fluid flow model combined.
(Paper-2 [29], Paper-3 [30] and Paper-4 [31]).

Chapter 5 proposes a methodology to estimate material mixing and provide
the final process capability space. (Paper-4 [31]).

Chapter 6 discusses the advanced implementation of the numerical
methodology to translate the developed model lap joint and Al-6xxx alloys with beam
shaping and power modulation as add-on process variation to understand the effect of
energy distribution on grain morphology. Also, it defines a process capability
framework based on the solution of the numerical model for the selection of robust

process parameters. (Paper-5 [32]).
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Chapter 7 summarises the conclusions of the overall thesis and shows a

direction for future work.
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The development of the research framework mentioned in the previous chapter
requires a research review across the fields of welding and numerical modelling. This
chapter provides a research review of the current state-of-the-art in RLW and presents
fundamentals relevant to RLW including laser welding process parameters (WPPs),
modes of laser welding, weld quality parameters, joint configurations and weldability
of Aluminium alloys. This research review includes a deep analysis of previous work
done in joining processes and a wide analysis and implementation of physics-based
models to determine heat transfer, fluid flow and material mixing across variability of
the RLW process to identify existing research gaps. This review includes an
experimental and modelling approach for the development and assessment of the
advances in the RLW process. The modelling and experimental approach to estimate
the influence of the WPPs on the thermal cycle, fusion zone dimensions, melt pool
behaviour, solidification behaviour and material mixing are discussed. The use of
these relations for process monitoring is also reviewed. Hence, this chapter explores
work done across RLW, including (i) the mechanism of the RLW process, modes of
welding, laser welding process parameters, weld quality and joint configurations, (ii)
laser welding of aluminium alloys, (iii) beam oscillation welding, (iv) beam shaping
during using adjustable ring mode laser beam welding, (v) methods of process
monitoring and process assessment, (vi) methods of developing and assessing new
developments in the laser welding process assessment for the selection of robust
process laser welding process parameters.

The overall goals of this thesis are: (i) to evaluate the influence of WPPs on

the weld attributes such as weld thermal cycle, weld profile, solidification behaviour,
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and material mixing; (ii) to develop a physics-based numerical model to emulate the
recent developments in the RLW process such as beam oscillation and beam shaping
to directly measure the weld attributes; and (iii) to develop a process capability space
framework for process assessment and process parameters selection such that the
number of experiments can be reduced for NPI. Furthermore, the developed physics-
based numerical model is necessary to analyse the effect of the advancement in the
RLW process such as beam oscillation, adjustable ring mode and associated additional
process parameters. These additional parameters need to be studied, analysed and
optimised for the required weld quality. To accomplish these goals, it is necessary to
have a fast and accurate model which emulates the welding in a forward analysis
manner (estimate weld attributes for given process parameters) and a framework
which can be used as a backward synthesis model (relate weld attributes to the process
parameters).

The remaining part of the chapter is organized as follows: Section 2.1 reviews
the laser welding process parameters, modes of welding, weld quality indicators and
joint configurations; Section 2.2 reviews the opportunities and challenges in the laser
welding of aluminium alloys; Section 2.3 reviews influence of oscillating beam on the
weld quality and weld performance; Section 2.4 reviews the beam shaping as an
alternating approach for energy modulation in RLW; Section 2.5 reviews process
monitoring and process assessment methods used in the laser welding process for the
selection of robust process parameters; Section 2.6 reviews the numerical methods to
model the temperature distribution, fluid flow and material mixing during laser
welding, and finally Section 2.7 summarizes literature assimilation and knowledge

gap identification.
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2.1 Laser welding process

2.1.1 Physical principles of laser welding

Laser welding is a fusion welding process which produces joining between
materials by partially melting the workpiece which creates a molten pool of metals
followed by rapid solidification achieving a strong joint. The principle of the laser
(light amplification by stimulated emission of radiation) is the use of a highly coherent
monochromatic light beam having an energy density of 10°-10% W/cm? [33], which is
four times the magnitude of the conventional welding techniques [34]. The wavelength
of the laser is in the visible or near infra-red region. Focussing the laser beam into a
small spot can act as a heat source by generating sufficient energy for welding, cutting
and piercing metals and other materials. The irradiation created by the laser is directed
by the optics using mirrors and lenses to focus on the workpiece to achieve high power
density [35]. A variety of lasers have been developed such as CO> laser, Nd: YAG
laser, fibre laser, disk laser and high-power diode laser increasing the use of lasers in
different industries. Lasers are categorised based on (i) the mode of operation or (ii)
the type of gain medium. Depending upon the mode of operations, there are two types
of lasers continuous wave (CW) mode laser and pulsed mode (PM) laser. In the
continuous mode, the laser beam is composed of constant frequency and amplitude
while in the pulse mode, a series of light is emitted at a certain amplitude and
frequency. Therefore, the CW laser has a deeper depth of penetration as light is emitted
continuously for the same average power [36]. Depending upon the power density and
laser-material interactions, it can be classified into two modes: conduction mode and

keyhole mode of laser welding.
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2.1.2 Modes of laser welding
2.1.2.1 Keyhole mode of laser welding

This mode of laser welding is used to join thick material [37] having a very
high power density laser of 10%-108 W/cm?. A very focused and high power density
beam leads to localized vaporization of the workpiece and forms a blind hole/plasma
cavity which is called a keyhole. This formed hole is surrounded by the molten metal
pool. The stability of the keyhole formed is sustained by maintaining the equilibrium
between vapour pressure and surface tension [38]. Vapour generated during the
formation of the keyhole holds the molten materials from falling into the keyhole and
keeps the hole open for the welding process. There is always a tug of war between
recoil pressure, hydrodynamic pressure, radiation pressure and between surface
tension, and hydrostatic pressure, where the former leads to opening and increasing
the depth of the keyhole and the latter leads to closing of the keyhole [39]. Recoil
pressure, surface tension, and hydrostatic pressure are predominant in terms of
magnitude, influencing the opening and depth of the keyhole, while the others are of
lesser significance and are primarily considered for numerical [38]. Figure 2.1 shows
the keyhole mode of laser welding [40]. Keyhole mode of laser welding results in low
distortion due to low heat input, and higher penetration enabling the welding of thick
workpieces with a high aspect ratio and high productivity [41]. It also has some
disadvantages as it leads to a high amount of porosity, high levels of spatter formation,
and loss of alloying elements from the melt. From the modelling point of view to
predicting keyhole formation, the temperature at the keyhole wall can be taken as the
vaporization temperature [42]. It was also assumed by some researchers that when the

peak temperature becomes larger than the vaporization temperature, it represents the
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formation of a keyhole, and the mode of welding was treated as the keyhole mode of

welding.

Keyhole welding

Laser beam
Metal vapor/
plasma Plasma cloud
in the
keyhole . /Weld pool
Solid weld metal
i d we eta

<—
-

Welding direction (moving laser beam)

Figure 2.1 Schematics of the keyhole mode of laser welding [40]

2.1.2.2 Conduction mode of laser welding

In this mode, the laser power is just below the threshold beam power to start
the formation of the keyhole i.e., just below the boiling point of the material. In this
mode, there is only enough power to melt the surface of the workpiece without
significant vaporization of the materials [37]. Often conduction welding is considered
when the power density of the laser is less than 10° W/cm? [37,43,44]. Another
definition of conduction welding states that it occurs when the vaporisation of the
material is insignificant [43] or when the power density is not enough to cause boiling
of the material [44] or when the aspect ratio (width-to-depth ratio) of the cross-sections
is smaller than 0.5 [45]. The energy of the laser beam is partially absorbed on the

surface and heat is distributed through conduction and convection of the molten pool
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of materials throughout the materials resulting in the weld formation. This is used for
joining thin sheets and has a bowl-shaped profile. It has a larger HAZ as compared to
the keyhole mode and a smooth and gradual transition from the fusion zone to the base
metal [46]. Figure 2.2 illustrates the schematics of the conduction mode of the laser
welding process [40]. Conduction mode is more stable as compared to keyhole mode
[47,48] as there is no vaporization of materials taking place leading to no porosity and
spatter problems in welding. But this mode leads to high distortion of the workpiece
due to high heat input. From the modelling point of view, predicting the conduction
mode of welding the peak temperature should be below the vaporization temperature

[49-51].

Conduction
mode welding

Laser beam
s

B Weld pool

~ Solid weld metal

<
-

Welding direction (moving laser beam)

Figure 2.2 Schematics of conduction mode of laser welding [40]

2.1.3 Advantages and limitations of laser welding

With the development of new and powerful lasers, laser welding has

revolutionised the whole field of welding. Remote laser welding (RLW) is an
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emerging solution to material joining as it offers benefits such as a non-contact
welding process, less distortion and remarkable processing efficiency [16,17].
Microstructural degradation is the minimum [34] and narrow heat-affected zone
(HAZ) width and low distortion, as compared to conventional arc welding, due to the
low heat input to the workpiece [52,53]. It has the ability to achieve a high depth-to-
width ratio of welds which eliminates the need for multipass welds as done in arc
welding. Laser welding is a high-precision welding technique with high speed and
flexibility with the ability to weld difficult to weld materials such as titanium, copper
etc. [33]. It does not require filler materials and can be done at room temperature by
producing welds with little or no contamination at all. It can weld dissimilar materials
and can be automated by using robotic arms.

The typical spot size of the laser beam is between 100 to 1000 um which
requires stringent positioning of the parts with allowable gaps around 0.1 times the
thickness of the material. When welding at high speeds, the rapid solidification and
cooling rates increased the chances of pore and crack formation within the weld [40].
The rapid cooling rate of the order of 4000 K/sec can lead to an increase in the hardness
of HAZ and weld zone and deteriorate the toughness of the welds [54]. One of the
major limitations of laser welding is against materials with high reflectivity such as
aluminium, copper etc. where the loss of power is more than 70% of the power input
[55]. Utilizing laser beams with high-power density gives rise to the creation of an
exceedingly unstable molten pool, increasing the likelihood of spatter formation [56].
There is also the formation of metastable phases or intermetallics [57] which are brittle
in nature and act as a crack initiation point for fracture. The thickness of the
intermetallics layer depends upon the cooling rate, power and peak temperature

acquired during the laser welding [58].
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2.1.4 Laser welding process parameters

In the RLW process, a high-intensity laser beam is used as the source of heat
energy which produces coalescence between the materials by melting the workpiece
followed by rapid solidification. The delivery and distribution of the heat to the
workpiece governs the weld thermal cycle, weld profile, solidification behaviour,
grain morphology in the fusion zone (FZ) and HAZ, weld surface quality and weld
strength [17,59]. This delivery and distribution of heat are regulated by the weld
process parameters such as spot radius, welding speed, laser power, and focal offset.
To achieve a high-quality defect-free weld, it is necessary to select appropriate process
parameters and understand the influence of process parameters on the weld quality
and strength [60]. These process parameters provide the flexibility to modify the
joining processes such that the defects can be reduced and mechanical strength can be
improved. This section represents the key process parameters which are divided into
three broad sections namely; (i) design parameters which describe the geometric
configurations of the parts to be joined; (ii) technological parameters which govern all
the properties related to the heat delivery, (iii) material parameters related to the
material properties of the part to be welded, and (iv) derived parameters which are
derived from the combinations of other parameters but are utilised to analyse the

process.
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2.1.4.1 Design parameters

= Joint Geometry — This parameter has related to the configuration of how the parts
to be joint are connected for welding. Examples are butt welds, bead-on-plate, lap
joints, and T-joint. In this work butt and lap joints are produced. During butt
welding edges of the plates are put together in a close fit-up. In the case of lap
joints, the plates to be joined are placed on top of other as illustrated in the Figure

2.3 below.

—

(a) (b) (c) (d)

Figure 2.3 Schematic diagram of different joint configurations (a) Butt joint, (b) Lap
joint, (c) Overlap joint and (d) T-joint. The arrows in the images indicate the position
where the materials are welded together.

In general, butt welding is performed in the keyhole mode of welding such that deeper
penetration depth can be achieved to have an optimum mechanical performance of the
weld. Figure 2.4 shows the schematic illustration of the different stages of butt
welding. Butt welding is widely used in the manufacturing industry for the joining of
two dissimilar materials and materials with different thicknesses. The efficiency of
butt welding relies on the gap between the welding plates and the laser spot size. The
laser beam is defocussed to increase the spot size but in return, it decreases the power
density resulting in a lowering of the penetration depth. In practical cases, it is difficult
to maintain the gap below the threshold level due to the inconsistent trimmed edges of
the plates during machining. However, this can be improved by using beam oscillation

laser welding [61,62].

25



‘w
—

O

NN
LR,

iy

Figure 2.4 Schematic illustration of different stages in butt welding in keyhole mode
(a) initial stage, (b) start of melting, (c) start of keyhole formation, (d) full penetrated
keyhole and (e) solidified weld profile [63]

A lap joint is performed for thin plates extensively used in the automotive industry.
Lap welding can be categorised into three types based on the state of the plates to be
welded: (i) liquid/liquid, (ii) liquid/solid and (iii) solid/solid [64]. In the first case, both
plates are melted followed by solidification to form a bond. In this case, there is no
control over the mixing behaviour and if the metals are chemically incompatible leads
to the formation of intermetallics, for example, welding steel with aluminium alloys.
These intermetallics are brittle in nature and deteriorate the mechanical properties of
the joint. In the second case, the material at the top is melted and the material at the
bottom is in a solid state. A molten layer is formed in the interface between the plates
leading to the formation of the bond after solidification. This is used for the materials
having a significant difference in the boiling point. In the third case, both plates are in
the solid-state and constant pressure is applied along with the heat such that the bond
is formed based on the principles of diffusion welding. Figure 2.5 schematically shows

the three categories for welding during lap joints.
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Figure 2.5 Schematic illustration of three categories of lap joint welding based on the

state of the plates (a) liquid/liquid state, (b) liquid/solid state, and (c) solid/solid state

[64].

=  Weld gap width — The gap between the plates to be joined is a critical parameter
as if the gap is large enough, the laser beam will pass through it. In general, the
spot size of the laser beam is around 100-1000 um which should have the correct
positioning of the plates with allowable gaps. For keyhole welding for deep
penetration, it is very crucial to have a close fit-up between the plates to achieve a

good quality weld. This is a little bit relaxed for the defocussed beams due to the

increase in the spot size.

= Material thickness — The thickness of the plates determines the process
parameters which govern the amount of heat energy applied for efficient
penetration and coalescence between the plates to be welded together. This
parameter determines the efficient coupling between the welding speed and laser
power to have proper coalescence and joint strength. Thicker plates require higher

laser power and lower welding speed for full penetration welding.
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2.1.4.2 Technological parameters

Laser power — Laser power is one of the most important process parameters that
influence the [65] amount of heat flow from the laser source to the workpiece.
Thus, it needs to be optimised to have a high-quality weld. If the laser power
applied is too low, it will lead to a weak weld due to insufficient penetration and
extremely high laser power leads to defects such as spatter, undercut, burning of
alloy elements and drop through of the weld [65,66]. Laser power is selected based
on the thickness of the material, material composition and absorptivity of the
material. Khan et al. [67] suggested that the penetration depth could be controlled
by laser power, and concluded that the penetration depth could be increased with
increasing laser power if other parameters are kept constant. Li et al. [68]
conducted an experimental investigation of laser power and found out that the
welding speed for full penetration could be increased by increasing the laser

power.

Welding speed — The welding speed is the only process parameter which directly
affects throughput, which means higher welding speed leads to higher throughput.
It affects the weld shape and dimension, the flow of molten metal, the cooling rate,
the solidification rate, and material mixing which determines the final grain
morphology. At a higher welding speed, the solidification rate is higher which does
not provide enough time for the molten liquid to flow from the periphery to the
weld centre leading to the undercut [37,69]. Mai et al. [70] suggested that the
higher welding speed improved the weld porosity as the weld became shallower
thus leading to a favourable condition for the pores to move to the surface of the
weld. Within the scope of the examined range of the welding speed, their findings
indicated that augmenting the welding speed led to an elevated thermal gradient

28



along the solidification front. This escalation in thermal gradient enhanced the
potential for crack formation and residual stress [71]. A higher welding speed
could lead to a decrease in micro-segregation due to higher solidification
restricting the formation of intermetallic phases [72]. DuPont et al. [73] found that
at a lower welding speed, the molten pool was elliptical in shape and teardrop

shape at the higher welding speed.

Focal Offset — The focal offset controls the spot size on the workpiece and has a
significant effect on the weld quality. Focal offset is selected to make the laser
very finely focussed to increase the power density and defocussed to make a large
spot size for performing gap bridging or conduction welding. Negative values of
the focal offset mean that the laser beam focal plane is below the surface of the
workpiece and positive values mean the position of the beam focal plane is above
the workpiece [74] as shown in Figure 2.6. In their study, Sun et al. [75] discovered
that defocusing the laser beam resulted in a reduction in peak temperature and
porosity. However, they observed that increasing the defocusing beyond +3 mm
caused a significant decrease in joint strength, reducing it by 40% according to

their experimental setup.
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Figure 2.6 Difference between positive and negative focal point positioning [76].

= Incidence Angle — The angle between the laser beam axis and the vector normal
to the workpiece is defined as the incidence angle. Due to the reflectivity of the
laser beam from the metallic surfaces, the laser beam is not always perpendicular
as it can damage the laser system and the objects right next to it by uncontrolled
scattering. Incidence angle is a critical parameter for practical purposes as there
are certain regions during the weld which can only be reached by the robot when
it is inclined at a certain angle. When the beam is perpendicular to the surface of
the workpiece the laser spot is circular and has the highest power density for a
given power. When the laser beam is inclined at an angle, the laser spot becomes
elliptical which leads to a decrease in power density. Liao and Yu [77] found that
the depth of penetration and weld width at the top surface decreased as the angle
of incidence was increased while maintaining the constant power which is shown
in Figure 2.7. The power density drop had a cosine behaviour with the incidence

angle.
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Figure 2.7 Experimental results obtained by Liao and Yu [77] depicting the influence
of incidence angle on the weld shape (a) View of the top surface of the welded spot,
(b) transverse cross-section of the weld formed, (c) characteristics length of the welds
as a function of incident angle and (d) aspect ratio of the weld as a function of
incidence angle.

2.1.4.3 Material parameters

The physical and chemical properties of the materials to be welded are dominant
parameters deciding the weldability of the material by using the laser. Physical
properties determine the degree of heat transfer and fluid flow [78]. It includes thermal
conductivity, specific heat capacity, density, reflectivity, heat transfer coefficient,
emissivity, latent heat, thermal expansion coefficient, thermal diffusivity, viscosity,
surface tension gradient, melting point, boiling points etc. [79]. Chemical properties
determine the phenomena such as the formation of cracking, oxidation, intermetallics

formation, porosity, grain refinement, and segregation. These can be quantified based
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on the chemical composition of the alloys, phases in the base metal, phases formed in

the weld, grain orientation and morphology, and shape and density of pores.

2.1.4.4 Derived parameters

In laser welding, depth of penetration is one of the most important KPIs which
needs to be adjusted depending on the joint geometry and application. To achieve a
desired depth of penetration, a range of combinations of welding speed and laser
power can be used for a constant laser spot size [80,81]. Also, for the given
combination of welding speed and laser power, the depth of penetration can be
different if the spot size is changed. Many researchers had tried to identify parameters
to uniquely define penetration depth which enabled data transferability between
different laser systems. Most of these parameters are power density, interaction time,
energy density, heat input per unit length, heat input per unit area, Peclet number etc.
[82,83]. The initial approach was to characterise the process based on the heat input
to the workpiece [84]. However, the same heat input can be achieved for a different
laser spot size. Many researchers used parameters such as energy required per unit
thickness, normalised incident power and Peclet number to characterise penetration
depth [82,85-87]. However, these parameters were used to roughly estimate general
trends in laser welding such as melting efficiency, and threshold irradiance for melting
rather than predicting the depth of penetration. Researchers had demonstrated that
power density and interaction time could be used to distinguish laser welding
processes [37,83]. An example of the processing map developed by lon et al. [83]

using dimensionless groups of process variables is shown in Figure 2.8.
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Figure 2.8 Laser processing map developed by lon et al. [83] based on the
dimensionless groups of process variables and identified by materials. The data were

grouped together into three main classes of process.

= Power density — Power density is defined as the power of the laser beam applied

to the area on the surface of the workpiece which is equivalent to spot size as

givenin Eg. 2.1
2.1

p

Power density = p—;)

Where P is the power of the laser and r is the radius of the laser spot on the surface
of the workpiece. The shape of the beam spot will be elliptical with the change of
incidence angle. Power density determines the mode of welding i.e. conduction or
keyhole mode of laser welding and has a direct relation with the weld geometry and
fluid flow in the weld region [77,88,89]. In modelling, the power density is one of the
critical parameters to define the temperature distribution during laser welding [90-92].
Torkamany et al. [88] investigated the influence of power density on the welding mode

and grain morphology. He found that the power density influences the transition
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between the conduction to keyhole mode. It had a significant impact on the grain
morphology of the weld and fusion zone dimensions. Kawabhito et al. [93] studied the
effect of power density on the weld morphology using four different laser spot sizes
ranging from 130 to 56 um. The research revealed that the laser power density had a
significant impact on enhancing weld penetration at higher welding speeds. Moreover,
it was possible to produce sound partially penetrated welds without defects like
porosity, underfilling, or humping within a wide range of process windows.
Specifically, welding speeds range from 4.5 to 10 m/min, coupled with fibre laser
beams measuring 360 um or 560 um in spot diameter. Tzeng et al. [94] and Cheng et
al. [95] investigated the effect of power density and welding speed on various weld

defects such as solidification cracking, centerline crack, holes and porosity.

» Interaction time — Suder and Williams [96] defined the interaction time as the
time a particular point on the surface of the workpiece was exposed to the laser
beam during the laser welding process which is given in Eqg. 2.2 where t; is the
interaction time, r is the radius of the laser spot and S is the welding speed.

2r 2.2

A series of experiments were conducted to examine the relationship between
interaction time and the energy applied to the workpiece. It was discovered that the
depth of penetration exhibits a logarithmic dependency on the interaction time as

shown in Figure 2.9.
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Figure 2.9 Experimental results obtained by Suder and Williams [96] showed the
logarithmic dependencies of the penetration depth with the interaction time for three
different laser intensities

2.1.5 Weld quality

In essence, welding is a process in which heat is applied using a very concentrated
heat source such that two or more parts have coalesced together at their faying
surfaces. These faying surfaces are where the heat is applied to melt and solidify to
form a strong bond. The physical integrity of the welded structure depends upon the
weld quality and is assessed based on the key performance indicators (KPIs). The
critical weld quality requirements are as follows: (i) the weld formed must satisfy the
tolerance of the design dimensions and should not have any distortion to the welded
parts, (ii) there should be consistency on the weld bead formed with no cracks and
holes, (iii) the weld should have required mechanical strength and fatigue life, and (iv)
surface finish and appearance should be satisfied the required level depending upon

the applications. The weld quality can be divided into three categories based on the
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requirements: (i) aesthetic, (ii) metallurgical and (iii) mechanical. The discussion

related to weld quality is in the context of laser welding in this dissertation.

2.1.5.1 Aesthetic weld quality

Aesthetic weld quality addresses the surface appearance and smoothness of the
welded bead. Aesthetic weld requirements are generally assessed by visual inspection.
Spatter deteriorates the aesthetic quality and is one of the prime reasons for the loss of
mass. Spatter is the ejection of molten metal droplets and it is important to have less
amount of spatters for Class-A surface finish [97]. Wu et al. [98] investigated the
factors affecting spatter formation in laser welding of 5083 aluminium alloy and
suggested that the surface tension around the keyhole and recoil pressure caused due
to evaporation were two factors that affect the formation of spatter. He found that the
spatter formation could be suppressed by increasing the stability of the keyhole.
Schweier et al. [99] studied the effect of beam oscillation laser welding on the spatter
formation and measured the spatter behaviour using a high-speed camera and object
tracking algorithm. Their study’s conclusion indicated that the suppression of spatter
formation could be achieved by elevating welding speed, and conversely, it exhibited
an increase with the rise in laser power for the range of power investigated. It was also
noted that oscillation frequency exerted a minor influence on the phenomenon of
spatter formation. Stritt et al. [100] proposed that the process monitoring system could
be utilized to detect welding process features such as spatter formation. They
discovered that increasing the welding speed from 1 m/min to 10 m/min caused
spatters to transition from being generated in no predominant direction to being
directed against the welding direction as shown in Figure 2.10. Also, corrosion, burn-
through and cracks influence the aesthetic weld quality. A good quality weld must be
leaking proof and have incurred sealing capabilities.
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Figure 2.10 The experimental results obtained by Stritt et al. [100] depicted the spatter
formation for different welding speeds.

2.1.5.2 Metallurgical weld quality
Metallurgical weld quality refers to the grain morphology (size, shape,

distribution, structure, phases etc.) of the weld. The laser welding process is a
combination of rapid heating and cooling cycles termed a weld thermal cycle. The
grain morphology of the weld changes by the heat transfer and weld thermal cycle
during welding as illustrated in Figure 2.11 [101,102]. It is critical to understand these
changes in grain morphology as it affects the mechanical performance of the welded
joints. Due to the very rapid rate of heating and cooling in laser welding, micro-
segregation is least expected in laser welding as compared to other fusion welding
processes while some brittle intermetallic phases are formed leading to the formation
of cracks [103]. In general, the weld formed can be divided into three regions
depending upon the temperature experienced: (i) the fusion zone (FZ) where the
temperature experienced is above the liquidus temperature of the material, (ii) the heat-

affected zone (HAZ) where the temperature is below the solidus temperature and
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above the temperature which can modify the grain morphology due to significant

recrystallisation and grain growth, and (iii) the base metal (BM) where no possible

heat-treatment takes place.
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Figure 2.11 Relationship between the grain morphology of the weld and thermal cycle
during laser welding of heat treatable aluminium alloys, (a) thermal cycle during the
cooling cycle from peak temperature, and (b) grain morphology of the joint at ambient

temperature

[104].
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= The fusion zone — The temperature of this region is above the melting point of the
material for the melting and solidification process to occur. The solidification
process is influenced by the process parameters which modify the weld grain
morphology. During the solidification of molten metal, grains grow perpendicular
to the direction of the maximum thermal gradient. The important parameters
affecting the solidification process are thermal gradient (G), and solidification rate
(R). Kou [35] suggested that the ratio of thermal gradient and solidification rate
(G/R) determines the morphology of grains formed from the planer, cellular,
dendritic or equiaxed grains. While the size of the solidified grains formed is
determined by their product i.e., GXR. The solidified grain morphology as a

function of thermal gradient and solidification rate is shown in Figure 2.12.

Temperature Gradient (G)

Dendritic

Grow Rate (R)

Figure 2.12 Relation between the temperature gradient (G) and solidification rate or
grow rate (R) on the grain morphology and grain size [35]

The modes of solidification change continuously in the fusion zone as the ratio G/R

varies from the fusion line to the centre line as shown in Figure 2.13. Hagenlocher et
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al. [105] examined the effect of grain morphology on the susceptibility to hot cracking
in AIMgSi alloys. They discovered that increasing the number of grain boundaries
could decrease crack susceptibility. It was proposed by them that the grain boundaries
could be increased by reducing the grain size or widening the equiaxed region. This
could be attained through the optimization of welding process parameters or through

the addition of alloying elements such as Titanium for grain refinement.
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Figure 2.13 Changes in the solidification mode across the fusion zone [35].

» The Heat-affected zone — The temperature in HAZ is lower than the melting point
but sufficient enough to cause modifications in the grain morphology. The thermal
cycle applied during welding influences grain growth, phase transformation, and
recrystallisation. Raouache et al. [106] reported the effect of the thermal cycle on
the grain morphology of the weld and found that the rise in peak temperature of

the weld thermal cycle had led to grain growth which is depicted in Figure 2.14.
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Figure 2.14 The experimental results obtained by Raouache et al. [106] for the grain
morphology of the HAZ and their plotted weld thermal cycle (modified)

2.1.5.3 Mechanical weld quality

The mechanical weld quality determines the ability of the weld to maintain its

structural integrity during its service life. The functional requirements of the welded
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joints can be assessed by evaluating the strength in static loading or dynamic loading
or both. Fatigue strength and tensile strength are mechanical properties commonly
employed to assess the capacity of materials to endure diverse loading conditions. In
general, tensile strength is measured using a tensile testing machine where a linearly
increasing force is applied and calculating the maximum load the joint can withstand
before failure. The elongation before failure and analysis of the fractured surface
provides the dominant reason for failure. This analysis is important as it helps to
improve the process for better strength. Inamke et al. [107] studied the effect of warm
laser shock peening on the tensile strength of laser-welded AA6061-T6 and TZM
alloys and found that the tensile strength increased by 20% and ductility by 30% as
compared to as-welded samples. They found that this was due to the introduction of
compressive stress introduced due to the shock peening. Douglas and Mazumder [108]
performed the tensile test for Al 3003, 5754, 6111 and 6061-T6 alloys and found that
all samples failed from the weld region and discovered that Al-6061 attains 60% of
the base metal strength. The analysis of the fractured surface using scanning electron
microscopy (SEM) revealed that all the failure was due to the formation of large
spherical pores revealing that the pores were formed by gas entrapment rather than by
shrinkage. In their study, Sun et al. [75] conducted a peel tensile test to assess the
impact of focal offset on the mechanical properties of AA1050 during battery bus bar
assembly through laser welding. They observed that the highest strength was achieved
when the focal offset was positioned at a negative defocusing position of -1 mm as
shown in Figure 2.15 and temperature measurement near the weld region had a linear
relation with the tensile strength. This shows that the tensile strength had a direct

relationship with the thermal cycle.
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Figure 2.15 Experimental results obtained by Sun et al. [75] for the influence of focal
offset on the load-bearing capacity of the welded joint (a) Maximum linear during
tensile peel test (b) linear fitting between joint strength and weld width at the interface.
Here, the linear load represented the force per unit length acting on the welded length
and can be calculated by dividing the load by the length.

In contrast, fatigue strength refers to the maximum stress level that a material
can endure under cyclic or repeated loading without experiencing fatigue failure.
Typically expressed in units of force per unit area, the fatigue strength plays a pivotal
role in engineering design, as it establishes the maximum load capacity of the material
throughout its operational lifespan while avoiding fatigue-induced failure. Typically,
the fatigue strength of a material is comparatively lower than its tensile strength. This
disparity arises due to the increased susceptibility of materials to fatigue failure under
cyclic or repeated loading conditions. The fatigue strength represents the material’s
capacity to endure such loading over a prolonged period. Chen et al. [109] conducted
a study on the low-cycle fatigue properties of laser-welded joints made from Al-Zn-
Mg-Cu 7075 aluminium alloy. In order to enhance the joint performance, a post-weld
treatment technique known as double-sided ultrasonic impact treatment was applied.
The double-sided ultrasonic impact treatment method introduced beneficial residual

compressive stress on both the upper and lower surfaces of the joints. Notably, after
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subjecting the joints to 2 x 108 cycles, the maximum fatigue strength reached 103.02
MPa following double-sided ultrasonic impact treatment. This represented a
substantial increase of 111.8% compared to the untreated joints, which exhibited a
maximum fatigue strength of 48.62 MPa. Sepe et al. [110] investigated the impact of
residual stresses on the fatigue performance of laser-welded tube-tube joints. To assess
the distribution of residual stresses within the specimens, a 3D numerical analysis was
performed using a Finite Element model. The model simulated the welding process of
tube-tube specimens made of AIMg3.5Mn alloy. The numerical findings revealed that
the presence of residual stresses significantly influenced the area of crack initiation
and subsequently affected the type of failure observed in the joints. Little et al. [111]
conducted a study to analyse the influence of transient temperatures generated during
the welding process of a steel plate. A finite element computer program was employed
to examine the effects of thermal conductivity variations and weld efficiency on the
resulting temperature distributions. Additionally, different approaches to modelling
the heat exchange between the plate and its surroundings were investigated. The
study's main finding emphasized the considerable impact of varying the conductivity
within the typical range for steel. Furthermore, the researchers presented a set of
parameters that could be utilized to express the results in a non-dimensional format.
Undergoing the extreme thermal cycle of welding, the microstructure of the
weld joint and its internal stress experience notable changes distinct from the base
metal [112,113]. These characteristics play a crucial role in determining the
mechanical properties of the welded joint. Precisely analyzing the mechanical
properties of different regions within weld joints is of great significance for the design
and assessment of welded structures. The fusion zone, in particular, represents a

vulnerable area in the weld joint where it undergoes complex thermal and mechanical
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processes during laser welding. The resultant residual stress in the weld joint can
surpass the yield stress, significantly impacting the hardness and tensile strength of
the joints. Gao et al. [114] investigated the influence of resulting residual stress on
hardness and tensile strength. They developed a thermomechanical finite element
model to predict stresses and strains during welding and established an empirical
relationship between residual stress, hardness, and yield stress. Their findings revealed
a decrease of 16.5 MPa in yield stress for the Al 2024-T4 welded joint due to residual
stress, highlighting the substantial impact of residual stress on the mechanical
properties of laser-welded joints. Liu et al. [115] focused on fatigue life prediction for
laser beam welded joints of 6xxx Al-alloy subjected to variable amplitude loading
conditions. They introduced a residual stress relaxation coefficient, 3, with a value of
0.5 to account for the relaxation of residual stress during the fatigue crack growth
process in laser beam welded Al-alloy joints. Zain-ul-abdein et al. [116] investigated
the impact of new phase formation on residual distortion and stress states. They
observed that while the effect of phase transformations on in-plane and out-of-plane
displacements was negligible, these metallurgical transformations significantly
influenced the residual stress state. Consequently, addressing the metallurgical
transformations of AA 6056-T4 was crucial for accurately predicting the residual
stress state in laser-welded structures. The impact of thermal induced distortion and
residual stress on mechanical properties is more pronounced in large components
compared to the testing conducted on coupons. Since this dissertation focuses solely
on testing conducted on coupons, the assumed effect of residual stresses on mechanical

properties is negligible.
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2.2 Laser welding of Aluminium alloys

In recent decades, there has been a significant surge in the demand for
lightweight materials, including aluminium (Al), magnesium (Mg), and titanium (Ti),
in the manufacturing industries such as automotive and aerospace. These industries
prioritize technological advancements in energy efficiency to achieve the ambitious
goal of achieving 'net-zero' emissions by 2050 [117]. Over the coming years, the rise
of manufacturing of electric vehicles is expected to further drive the demand for cast
Al alloys such as Al-Si, Al-Mg, Al-Mg-Si, Al-Mg-Mn, Al-Si-Cu, Al-Si-Ag, and Al-
Si-Sn alloys in the market [118]. Notably, the automotive sector is experiencing
increased investments, which is anticipated to boost the sales of high-strength Al-Si
alloys, Al-Mg alloys, and Al-Si-Mg alloys. Extensive research has been conducted on
casting technology, solidification fundamentals, and process control parameters for
these alloys since the 1960s, as evident in various handbooks and articles [119-121].
These alloys possess desirable properties such as low density, high specific strength,
high ductility, good castability, high thermal conductivity, high corrosion resistance,
cosmetic surface quality, and resistance to hot tearing, making them well-suited for
large-scale applications in the automotive and aerospace sectors [3]. Studies have
shown that EVs that use aluminium emit approximately 1.5 tons less greenhouse gases
throughout their lifecycle compared to those made of steel or cast iron [122].

Several welding techniques can be used for joining of aluminium alloy,
including electron beam welding [123,124], laser-gas metal arc welding (laser-
GMAW) hybrid welding [125], friction stir welding [126], and laser welding [127].
Laser welding utilizes the high energy of a laser beam to melt the welding materials

and fuse them together [52,53]. Compared to other joining methods, laser welding
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offers several advantages such as deep penetration, lower heat input, and a smaller
heat-affected zone (HAZ), leading to increased efficiency and economic benefits.
Consequently, laser welding is widely adopted in various industries [16,17]. The
keyhole formed and maintained during laser welding enables deep penetration into
metallic materials, facilitating high-intensity welding with a single-mode and small
spot size [41]. Researchers often select 5xxx aluminium alloys i.e., Al-Mg alloys for
their studies due to their inherent insensitivity to heat treatment. This characteristic
makes them a suitable choice to produce cold and hot rolled sheets, particularly in
Europe where they are extensively employed in automotive component fabrication.
These alloys offer desirable properties, including excellent formability, high strength,
and the capability of strain hardening[128,129]. Moreover, 5xxx Al alloys are
commonly used in the manufacturing of marine vessels due to their excellent
weldability, formability, and corrosion resistance [130]. The addition of magnesium
to non-heat-treatable wrought alloys provides solid-solution strengthening, enhancing
both strength and corrosion resistance, albeit slightly compromising workability.
Applications requiring improved strength and the formation of complex shapes often

necessitate higher magnesium content, particularly in structural components.

Huang et al. [131] had highlighted the difference in boiling points between
Magnesium (1360 K) and Aluminium (2723 K), as well as the evaporation and escape
of Magnesium from the weld pool during aluminium alloy laser welding. Bunaziv et
al. [132] discovered that increased laser power led to substantial vaporization of Mg
and Mn, resulting in reduced mechanical properties of the materials. Their research on
pore formation factors revealed that pores were not only influenced by hydrogen and

magnesium metal vapor but also associated with the segregation of magnesium within
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the solute band. Additionally, Huang et al. [133] observed that the interaction between
the vapor plume and the keyhole induced oscillations in both the keyhole and vapor
plume. The 5xxx series alloys can exhibit different phases depending on the alloying
elements present [134]. When the magnesium content in an aluminium alloy exceeds
3.5 wt.%, precipitates of the B-phase (MgzAlz) can form [135]. Li et al. [136]
determined that magnesium primarily existed in the form of the B(Mg2Al3) phase,
which was uniformly distributed and contributed to material strengthening. If the
magnesium content exceeded the solid solubility limit in aluminium, AlsMgs formed
at the grain boundaries [137]. The equilibrium phase diagram of the Al-Mg system
includes two intermediate phases: the B-phase AlsMg2 and the y-phase Al12Mg17 [138].
Njiokep et al. observed slower growth of the Al12Mg17 phase compared to the AlsMg:
phase, with both phases exhibiting parabolic growth at all temperatures [139]. The Al-
Mg phase diagram comprises a B-solid solution with a hexagonal crystal structure, a
liquid phase region, a y-solid solution with an a-Mn structure type, an R phase with a
rhombohedral structure at 42% Mg, an aluminium solid solution with a maximum
solubility of 18.9 at.% Mg at 723 K, and an Mg solid solution with a maximum
solubility of 11.8 at.% Al at 710 K [140].

The initial microstructure of these materials demonstrates high solid solution
supersaturation and can experience macro-segregation in the form of central eutectic
segregates and micro-segregation, which scales with the arm spacing of dendrites
[141]. Precipitation formation and structure are closely related to both hardness and
microstructure[141]. Precipitates nucleate homogeneously as well as heterogeneously
in specific locations such as grain boundaries, dislocations, and vacancies. Geng et al.
[142] determined that the mechanical properties of laser weld joints were directly

influenced by the solidification microstructures associated with grain and sub-grain
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structures within the dendritic structures. The solidification process involves complex
interactions between interface dynamics and heat and mass transfer processes,
resulting in a diverse solid and liquid interface morphology. The morphology, size,
and distribution of precipitates can significantly impact the mechanical properties.
Vyskoc et al. [143] conducted a study on AW5083 aluminium alloy weld joints, using
5087 (AIMg4.5MnZr) filler wire with a diameter of 1.2 mm and protection from the
ambient atmosphere by an argon and 30 vol.% helium mixture. TEM analysis revealed
the presence of three intermetallic compounds: B-AlsMg2, y-Al12Mgi7, and AlsgMgao,
as shown in Figure 2.16. They also identified that the presence of Al.Osz particles
caused a brittle fracture in the unshielded weld joint. The research findings indicated
that optimal welding parameters were achieved as there were no cracks or pores

observed in the shielded weld metal.

Figure 2.16 TEM image of the weld metal microstructure. The intermetallic phase (a)
Mg2Alz, (b) Al12Mg17, (€) AlssMgs2 and (d) Al2Osz particles were identified by electron
diffraction inside the inter-dendritic area.

Within the realm of commercial aluminium casting alloys, those that

prominently feature silicon as the primary alloying element hold significance due to

49



their exceptional casting properties. The introduction of silicon into pure aluminium
imparts noteworthy attributes such as high fluidity, favourable feeding characteristics,
minimal shrinkage, and resistance to hot cracking. Particularly intriguing is their high
strength-to-weight ratio. Remarkably, silicon, with a density of 2.3 g/cm?, can be
incorporated into aluminium (with a density of 2.7 g/cm®) without compromising its
weight advantage. Aluminium-silicon alloys, devoid of copper additions, are
employed when there is a requirement for excellent castability and corrosion
resistance. In this context, magnesium can serve as a viable alternative to copper [144].

The formation of intermetallic hardening phase Mg.Si due to the combination
of Magnesium and silicon, precipitates in the a-aluminium matrix and leads to an
increases the yield strength [145]. Figure 2.17 depicts a pseudo-binary cross-section
of the AISiMg0.3 system. The solidification process occurs within a temperature range
of approximately 60°C, and the temperature at which semi-solid forming occurs,
known as Tss, is observed at around 580°C when the liquid and solid fractions are both

50%.
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Figure 2.17 Pseudo-binary section of AISiMg0.3 [144].

Increasing the amount of alloyed magnesium has been shown to effectively enhance
the yield strength. The solubility limit of magnesium in the a-aluminium phase, when
both silicon and Mg>Si are present, lies between 0.45 wt% (Figure 2.18 (a)) and 0.75
wit% (Figure 2.18 (b)) at 555°C [144,146]. Magnesium that exceeds the solubility limit
within the matrix contributes to the formation of undesirable intermetallic compounds.
Notably, impurities such as iron, which is particularly detrimental to AISiMg alloys,
form various intermetallic compounds with silicon and magnesium, including

a(Fe2SiAlg), B(FeSiAls), and n(FeMgsSisAlg) [147].
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Figure 2.18 (a) Pseudo-binary section of the system AlSizMg, and (b) solubility of Mg
and Si in a-aluminium with concurrent presence of Mg.Si and Si in equilibrium [144].

The enhanced strength observed in the 6xxx series alloy primarily stems from the
presence of exceptionally fine precipitates embedded within a solid solution matrix,
which consist of magnesium (Mg) and silicon (Si). Age hardening, a crucial process,
significantly contributes to achieving the optimum properties of the alloy for specific
applications. In recent years, extensive research efforts have been dedicated to
thoroughly investigating various aspects related to precipitation formation,
precipitation sequence [145], early stages of precipitate nucleation, and precipitate
structure [148]. Additionally, there has been a focus on exploring the correlation
between hardness and microstructure [145], conducting quantitative analyses of early-
stage precipitates, clusters, and examining the evolution of precipitates following
isothermal heat treatment have been investigated thoroughly during the past few years
[145,149-151]. The generally accepted precipitation sequence in Al-Mg-Si alloys
during heat treatment is [145,146]:

Super saturated solid solution — atomic clusters — GP zones — " —f" — f (Mg2Si)
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The demand for Aluminium alloys for lightweight manufacturing in the
automotive industry has increased in the last four decades [152,153] and it was
forecasted that the trend will rise in 2025 as shown in Figure 2.19 [154]. This is to
decrease the weight of the body in white to cope with the stricter environmental
regulations [153] and to improve fuel efficiency. Dissimilar aluminium alloy welding
is now becoming popular as it combines the advantages of different grades of
aluminium alloys such as low density, good formability, high strength-to-weight ratio,
corrosion resistance, formability, and weldability [20,21]. The active response of 6xxx
aluminium alloys to strengthening processes including thermal treatment and work
hardening provides the opportunity for weight saving without compromising the
strength. This is particularly crucial for battery electric vehicles (BEVS) as it allows

for downsizing the battery system and reducing costs [155].

Aluminum consumption in light vehicles in North America from 1975 to 2030 (in net
pounds per vehicle)
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Figure 2.19 World average aluminium content per vehicle in Lbs [154].
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5xxx and 6xxx aluminium alloys constitute the bulk of automotive production
and they are the primary interest in this dissertation. 5xxx/6xxx dissimilar aluminium
alloy welding is considered a good strategy to weld the side and back walls for the
automotive industry, combining the advantages of both alloys such as low density,
good formability, high strength-to-weight ratio, corrosion resistance, formability and
weldability [2,3]. 5xxx and 6xxx aluminium alloys are widely used as structural
components for the automotive industry due to their excellent formability, elongation
and specific strength [128,129]. Concerning the nature of the RLW process in that no
filler wire is used, the welding of 5xxx and 6xxx aluminium alloys are considered to
be beneficial because it creates weld chemistry that has low crack sensitivity [27,156].
However, compared to steels, laser welding of Al alloys poses various challenges such
as low energy efficiency due to the high reflectivity of the laser from the surface. The
high thermal conductivity and low viscosity of Al alloys result in high susceptivity to
weld porosity and solidification cracks [157,158].

Moon and Metzbower [159] investigated the laser welding of Al-5456 and
observed a fine grain structure in the fusion zone. They also found that the dissolution
of MgSi and (Fe, Mn)Als which led to the increased toughness of the welded joints.
Ramasamy and Albright [160] performed a comparative study for the laser welding of
1.6 mm thick Al-5754-O with CO, and Nd-YAG lasers and found that weld grain
morphology comprised of fine cellular dendritic grains and with a region of equiaxed
grains at the centre. While Venkat et al. [161] for the same alloy occasionally observed
the equiaxed grains in the weld centreline at high welding speeds up to 0.17 m/s. For
the range of process parameters investigated, no solidification cracking was observed
in the continuous wave laser welding of 5xxx aluminium alloys [159-163].

Nevertheless, solidification cracking was apparent in pulsed laser welding based on
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the studies done by some researchers, which indicated that the rapid cooling rate
induced thermal strains that contributed to the formation of crack [163]. In prior
studies focusing on the welding of 6xxx aluminium alloys, researchers observed the
presence of fine cellular dendritic grains extending from the fusion line to the middle
of the fusion zone. Additionally, a consistent occurrence of equiaxed grains was noted
at the centre of the fusion zone [161,162,164,165]. Equiaxed grain formation was
promoted, as it reduced the susceptibility to hot cracking by increasing the grain
boundaries. Solidification cracking was identified and found to be more pronounced
at higher welding speeds, attributed to the elevated cooling rate [160,161]. Softening
occured in the HAZ of the 5xxx alloy, as it is a non-heat treatable aluminium alloy
[159]. This softening was due to the loss of the strain-hardened structure and the
growth of the grains in the HAZ region. On the other hand, in the case of the heat-
treatable 6xxx aluminium alloy, the dissolution of the strengthening phase ' (Mg2Si)
took place. The emergence of the needle-like B* (Mg2Si) phase resulted in a reduction
of the strengthening mechanism, leading to softening in the HAZ. Sun et al. [166]
discussed technological solutions for welding the 6xxx series aluminium alloy,
utilizing capabilities such as beam oscillation, power modulation, beam shaping, filler
wire, and beam shaping. They discovered that beam oscillation and power modulation
could prevent weld centreline cracking. Their research suggested that modifying the
thermal history through beam oscillation, power modulation, and beam shaping could
reduce the occurrence of micro-cracks. Moreover, they observed that the use of filler
wire was an effective approach to mitigating microcracks, resulting in a 40% increase
in joint strength. Alternatively, achieving a similar strength level using only ring mode
required a higher welding speed of 6.5 m/min, as opposed to the restricted 4 m/min

with filler wire.
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2.3 Beam oscillation welding

Recent progress in the development of high-power lasers led to an increase in
efforts to weld materials like Aluminium which are hard to weld with conventional
lasers due to the high reflectivity from the surface of Aluminium. In the effort to
stabilise the molten weld pool, degassing the molten weld pool for reducing porosity
formation and improving grain morphology during solidification spatial power
modulation is applied by superimposing an oscillation movement to the laser head in
the welding direction. During beam oscillation, a larger molten pool is generated, and
the remelting of this molten pool provides additional time for pores (formed due to
keyhole collapse) to rise to the top surface and escape from the molten pool. This
process of degassing due to beam oscillation helps in reducing porosity. The
methodology of beam oscillation presents multiple additional degrees of freedom,
encompassing parameters like oscillation frequency, oscillation amplitude, and
oscillation pattern. These aspects yield a heightened level of flexibility concerning the
application and management of heat energy, thereby exerting influence over the
temperature field, fluid flow field, and concentration field during the process of laser
welding. Beam oscillation is characterized by the deviation of the laser beam from its
linear trajectory, specifically a straight line, to follow a predetermined periodic
motion, such as circular, elliptical, sinusoidal, square, triangular, and other defined

patterns [167] as shown in Figure 2.20.
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Figure 2.20 Depicting the schematics of different laser beam oscillation patterns
[167]

The beam can be oscillated into various patterns by deflecting a two-axis coil.
The setup consists of a set of amplifiers for deflecting x- and y-axes and a function
generator to program the required oscillation pattern for the beam spot. A scan-head
rapidly rotates the laser beam on its axis in the welding direction using a specified
amplitude and frequency. Beam oscillation resulted in a broader weld seam, more
consistent weld shapes, a stable molten pool and keyhole, and enhanced gap bridging
[168-170]. The surface weld profile generated using different oscillation patterns is
depicted in Figure 2.21 [171]. In this dissertation circular and sinusoidal oscillation
patterns are studied. The trajectory of the oscillating laser beam as a function of weld
parameters is described in Eq. 2.3 [172]:
x(t) = (xo + St + A, (sin(2ufit + @,))) 2.3
y(®) = (yo + 4y (sin2ufyt + y)))
Where x(t) and y(t) are the time-dependent positions of the beam spot, Xo and yo are

the initial positions, S is the welding speed, Ax and Ay are the oscillation amplitude
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along the x-direction and y-direction respectively, fx and fy are the oscillation frequency

in the x-direction and y-direction respectively, ¢px and gy are the initial phase angles.

Beam oscillation modified the temperature field, influencing the temperature
distribution during welding and offering benefits for crack-sensitive materials [173].
Previous reports indicated that beam oscillation generated a churning effect in the
liquid weld pool, enhancing mixing and reducing segregation, resulting in a more
uniform dispersion of elements during welding [174]. In their study, Dinda et al. [175]
reported that employing beam oscillation at optimal parameters reduced porosity and
intermetallic formed during steel-aluminium welding. Murthy et al. [176] examined
the impact of oscillated beams on Nb segregation. The experiment involved nine
distinct heat inputs across three levels of welding speed and beam current. The weld
quality was assessed and ranked based on factors such as weld geometry,
microhardness, and mechanical properties. Interestingly, at low heat inputs under the
conditions they studied, the welded samples exhibited exceptional weld strength,
fracturing outside the weld zone. However, as the heat inputs increased for the range
of process parameters investigated, the welded samples developed cracks and fractures
within the weld. These findings established a benchmark for future research on
electron beam welding (EBW) of selective laser melted IN718, enabling meaningful
comparisons. Sivaprasad et al. [177] demonstrated that the use of beam oscillation
improved the fatigue properties of Inconel 718 welds. Wang et al. [172] conducted a
series of experiments with three beam oscillation patterns and found that beam
oscillation improved weld surface morphologies by promoting the formation of
equiaxed grains in the fusion zone. Fetzer et al. [178] experimentally investigated the

effect of beam oscillation in the AIMgSi system and found that pore formation
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decreased due to beam oscillation compared to linear welding. C. Hagenlocher et al.
[179] worked on the solidification conditions using beam oscillation and suggested
that the solidification conditions could be greatly influenced by the use of beam
oscillation, potentially reducing the chances of hot cracking. Z. Wang et al. [180]
analysed joint grain morphology, porosity, and mechanical properties with different
beam oscillation patterns, suggesting that the use of beam oscillation reduced welding
defects. They found that the average tensile strength of the samples produced with
oscillation was higher than those without beam oscillation, resulting from refined weld
grain sizes and lower porosity. Wang et al. [172] studied the effect of different
oscillation patterns, i.e., transverse, longitudinal, and circular, on attributes of
AA6061-T6 aluminium alloy joints. They concluded that beam oscillation effectively
improved fusion morphologies and promoted the formation of equiaxed grains in the
fusion region. They also found that beam oscillation with a circular pattern provided
fewer defects, a smooth surface, fine equiaxed grains, and higher ductility compared
to those produced by transverse and longitudinal patterns.
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Figure 2.21 The surface weld profile for different beam oscillation patterns [171]

Beam oscillation is an effective and important process parameter in the laser
welding process which can effectively modify fusion zone and HAZ grain

morphology, surface smoothness, convection in the melt pool, spatter formation and
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temperature field to get better properties. Research involving beam oscillation had
indicated that the weldability of aluminium alloys can experience enhancements,
resulting in fewer defects and improved mechanical properties [180-184], however,
the impact on grain morphology is not fully understood. This is primarily due to the
intricate and dynamic solidification behaviour within the molten pool, which is
challenging to capture experimentally, compounded by the rapid solidification process
[185]. The solidification process is affected by the critical interactions between heat
transfer and fluid flow behaviour at the solid-liquid interface in the molten pool [186].
However, there has been limited investigation into the laser welding of two distinct
grades of aluminium alloys utilizing beam oscillation. Furthermore, a majority of the
studies conducted on aluminium alloys have concentrated on low-frequency
oscillation, with a predominant focus on process stability. Another key challenge is
shortening the new process development due to the increase in complexity due to the
introduction and selection of key process parameters to meet welding outputs

pertaining to weld quality.

2.4 Beam shaping — Adjustable Ring Mode (ARM) laser welding

Beam shaping has received increased attention in recent years as an alternative
approach to the modulation of energy distribution that can be fully integrated into the
RLW process. Rasch et al. [187] and Duocastella and Arnold [188] reported the
benefits of ring shape laser beams for stabilising the molten pool and improving the
weld surface quality. However, the application of ring beams had typically been
observed within conduction mode laser welding setups, with the absence of substantial
weld penetration limiting their feasibility for thicker materials. More recently, an

adjustable ring mode (ARM) laser beam, consisting of the core Gaussian beam and
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outer ring beam, was introduced by Coherent Inc, [189]. A schematic of the beam
configuration in the fibre laser and five possible power patterns between the ring and
core are shown in Figure 2.22. Under this beam configuration, pre-heating supplied
by the leading edge of the ring beam increases the material’s energy absorption rate
and the post-heating enabled by the trailing edge of the ring beam enlarges the molten
pool to promote the escape of gas bubbles, whilst the core beam guarantees a sufficient
weld penetration. The benefits of ARM laser beam have been reported in a limited
number of studies Mohammadpour et al. [190] performed a comparison study between
the ARM and single beam laser experimentally for the laser welding of stainless steel.
They studied the influence of beam sources and energy distribution in ARM laser on
the weld profile while maintaining the welding speed and total laser power. The energy
distribution for pure core, pure ring and dual modes performed by Mohammadpour et
al. [190] is shown in Figure 2.23. The comparison of the weld profile for the different
power distributions used is shown in Figure 2.24. They found that the depth of
penetration increased as the power distribution changed from the pure ring to the pure
core. They also reported a noticeable reduction in spatter formation on the weld bead
at a power ratio of ring beam to core beam higher than one. Sokolov et al. [191]
investigated the impact of ARM laser on the in-process weld penetration monitoring
by optical coherence tomography (OCT) during RLW of Al-Cu dissimilar thin foil.
Their study revealed decreased fluctuations in keyhole opening dynamics with the
application of the ARM laser beam, leading them to assert that ARM laser had

improved OCT accuracy by 50% in comparison to the Gaussian laser beam.
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Figure 2.22 Simplified schematic of Adjustable Ring Mode (ARM) fibre laser and the
possible five power patterns in the focussed laser spot

Figure 2.23 Energy distribution for the ARM laser in (a) pure core; (b) pure ring; (c)
dual-mode and (d) and energy distribution of single beam laser [190]
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Figure 2.24 Experimental results obtained by Mohammadpour et al. [15] on the
influence of changes in beam mode: (a) weld bead profile on the top surface and cross-
section; (b) depth of penetration; (c) width; and (d) fusion zone area. In the test labels,
C and R were represented as the centre and ring beams of the ARM laser, respectively.
CxRy indicated the dual beam test mode with x-kW in the centre beam laser and y-
KW in the ring laser beam. Sz is denoted as a test condition with z-kW in the IPG
single laser beam arrangement.

The benefits of ARM laser beams have been reported in a limited number of
studies. Maina et al. [189] demonstrated the improvements in both surface quality and
keyhole stability in AA5022 laser welds using an ARM laser beam compared to the
sole annular laser beam. Mohammadpour et al. [190] experimentally studied ARM
laser welding of stainless steel and reported a noticeable spatter reduction on the weld
bead at a power ratio of ring beam to core beam higher than one. Sokolov et al. [191]
investigated the impact of ARM laser on the in-process weld penetration monitoring
by optical coherence tomography (OCT) during RLW of Al-Cu dissimilar thin foil.
The authors observed a clearly reduced fluctuation of keyhole opening using the ARM

laser beam. Despite the aforementioned advantages of the ARM laser beam,
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predominantly focusing on the process stability and seam surface finish, the impact of
the ARM laser beam on the grain morphology of the weld and mechanical
performance is still not clear. The impact of energy distribution on the grain
morphology and mechanical performance using the ARM laser beam integrated with
beam oscillation is missing in the literature. Furthermore, there is a need to investigate
the effect of the ratio of the core/ring powers on the thermal history and solidification
behaviour during ARM laser welding combined with beam oscillation. This will
provide insight into the effect of the core/ring power ratio on the grain morphology

and mechanical performance.

2.5 Process Monitoring

There is an increase in the number of input process parameters due to the recent
advancement in the RLW process for the better capability to weld different materials
and joint configurations. A critical requirement for the manufacturing process is to
select robust process parameters which produce parts within the defined specification
limits. These specified limits are determined by the weld quality and other
requirements of the downstream process. In general, weld quality refers to using the
technological methods and actions that can guarantee quality by gathering and
understanding the physical phenomenon occurring based on the process information
and developing a quality control methodology to reduce the weld defects. This
information can be obtained by offline inspection or by in-process monitoring. The
offline inspection includes different weld characterisation techniques such as
metallurgical characterisation, chemical characterisation and mechanical
characterisation [192,193]. The offline inspection is time and resource expensive

reducing productivity and difficult to cope-up with the NPI requirements.
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Furthermore, offline monitoring is used to develop a relationship between the process
parameters and weld quality. In-line process monitoring is performed using sensors
which convert surface radiation into electrical signals which are further converted to
measurable variables. The data acquired by the sensors contain lots of noise, have a
limited field of view and are unable to differentiate between various defects such as
porosity, lack of penetration, microcracks etc [194,195].

Both the use of traditional offline and in-line process monitoring has their own
limitations and boundaries. The relation between process parameters and weld quality
is very critical and in general, it is developed by using statistical methods such as
Response Surface Methodology (RSM). A large quantity of data is required to develop
these relationships which are obtained from the experiments and using sensors during
experiments [196-198]. Numerical simulation of laser welding can provide detailed
information to obtain the relationship between the process parameters and the weld
quality [199-202]. However, these models also provide details about the weld quality
which are either difficult or impossible to be obtained by experiments such as thermal
gradient, fluid flow, and weld thermal cycle [69,105,156]. These outputs are important
as it provides valuable insight to understand the welding process such that the effects
of process parameters on the weld quality can be understood.

The weld profile and solidification behaviour are critical to achieving the
maximum strength as the weld must have the desired grain morphology and weld
profile [11,69,105]. The weld profile and grain morphology are dependent on the
transport phenomenon i.e., heat transfer, fluid flow and mass transfer during welding
and their relationship with the process parameters. Therefore, a numerical model is
proposed in this study which is suitable for developing relationships between process

parameters and weld profiles. An integrated approach between experiments and
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numerical simulation is utilised to analyse solidification behaviour. The corresponding
assumptions and equations for the occurring physics needed to develop the numerical
model are reviewed in Section 2.6.

Numerous researchers had utilized numerical models to generate processing
maps, illustrating the relationship between weld quality and process parameters or
derived parameters such as Peclet number (Pe1), power density, and interaction time
[82,83]. The Peclet number is defined in Eq. 2.4 where r is the keyhole radius, v is the

welding speed, and « is the thermal diffusivity [203].
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These plots can be used to estimate the initial process parameters window based on
the required weld quality. Mukherjee et al. [204] explored the significance of heat
transfer mechanisms, namely convection and conduction, in their study. The
assessment of these mechanisms was achieved through the utilization of the Peclet
number (Pe), as defined by Eq. 2.5, where U represents the characteristic velocity, a
is the thermal diffusivity of the alloy, and L stands for the characteristic length. The
authors specifically employed the Peclet number formulation in the context of molten
material flow. In their analysis, the maximum velocity of the molten metal was chosen
as the characteristic velocity for Peclet number calculation, while the length of the
molten pool was considered as the characteristic length. It's noteworthy that a higher
Peclet number indicated a more pronounced involvement of convective heat transfer
in the overall heat transfer dynamics within the liquid metal pool. lon et al. [83]
developed a laser processing map between absorbed power density, interaction time

and peak temperature and showed different regions of keyhole welding, cladding,
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cutting, melting and hardening as shown in Figure 2.8. Lankalapalli et al. [82]
developed the processing map between depth of penetration as a weld quality indicator
and calculated the Peclet number for three different laser powers. In most of the
literature depth of penetration was used as an indicator for the weld quality and derived
parameters in place of actual welding process parameters for the development of laser
processing map [82,85-87]. Beam oscillation was not considered a parameter in any
of the laser processing maps. Most of the laser processing map was based on the single
input and single output (SISO) or multiple input single output scenario (MISO)
whereas the RLW process is characterised by multiple inputs and multiple outputs
(MIMO) scenarios [11]. Therefore, a process capability space framework is proposed

in this study to select robust process parameters based on the MIMO scenario.

2.6 Numerical methods of developing and assessing the laser welding
process

The welding process parameters affect the quality and geometry of the weld.
Challenges related to laser welding are controlled by optimising these parameters. The
control of these parameters is critical for assessing and developing the laser welding
process. However, a key challenge faced by the manufacturer is shortening the new
process development and selection of key process parameters to meet the required
weld quality. Characteristics of weld dimensions, the phases formed in the weld zone,
grain morphology of the weld and mechanical strength govern the weld quality.
Therefore, a significant amount of research has been conducted to develop the
relationship between the process parameters and the weld quality attributes such that
the selection of robust process parameters can be done. Consequently, process

development at present has relied on experiments (“weld trials”). With the recent
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advancement in the RLW process such as beam oscillation, power modulation and
beam shaping, single-input or multiple inputs and single-output scenarios are not
sufficient for laser welding, since this process is characterised by multiple inputs and
multiple outputs (MIMO) scenarios [11]. Experiments alone are not sufficient to
survey the entire parameters space, as it takes weeks to run them. Statistical models
based on the experiment have been used to estimate weld attributes as a function of
process parameters [196-198]. These models are based on the data gathered by
performing destructive and non-destructive experiments and using statistical models
like Response Surface Methodology (RSM), Taguchi method, and Atrtificial Neural
Network (ANN) to predict the optimum process parameter to achieve required weld
attributes.

Multi-physics-based numerical models [199,205,206] provide detailed
knowledge concerning the physiology of the welding process such as weld thermal,
fluid flow in the molten pool, material mixing, and laser-material interaction. Such
models enable the researcher to understand and improve the laser welding process in
detail. Finite element (FE) based models are used to simulate the laser welding process
to (i) design sequences for the manufacturing process, (ii) select process parameters
which will provide optimum weld quality [50,207] and (iii) evaluate KPIs for the weld
in terms of weld profile, material mixing, distortion and residual stress [208-210].
Efficient simulation of the laser welding process cycle provides the option to (i)
evaluate weld attributes such as depth of penetration, and weld width in the entire
parameter space; or (ii) can be integrated with physical experiments to provide a
reduced region in the parameter space which decreases the number of experiments

required to identify robust process parameters.
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The numerical simulation of laser welding is a complex process since it is a
multi-physics and multi-phase process. This study focuses on the interactions of heat
transfer, fluid flow and mass transport. Thus, this section reviews the physical
phenomenon which determines the weld profile and solidification behaviour: (i) heat
transfer to estimate the weld thermal cycle in FZ and HAZ, (ii) fluid flow in the molten
pool and (iii) material mixing during welding.

2.6.1 Heat transfer

The time-dependent temperature field is a function of position (x,y, z) and
time t is determined by the non-linear energy conservation equation as defined in Eq.
2.6 [211].

aT . _, . 2.6
oC, [E +V @ T)] =V (KVT) + Siaser (6,9, 2,8) + h(T = Tp) + ea(T* = T) + Quap 2

Where p is the material density, Cp is the specific heat capacity of the material, T is
the temperature of the workpiece, t is the time, k is the thermal conductivity of the
material, u is the velocity of molten metal, Siaser is the energy of the laser, h is the
surface heat transfer coefficient, ¢ is the emissivity of the material and o is the Stefan-
Boltzmann coefficient of radiation and Quvap is the loss of energy due to vaporization.
The Eq. 2.6 states that the change in temperature with respect to time is equal to the
divergence of the heat flux, plus heat generated by the laser heat source and loss of
heat due to convection, radiation and vaporisation of the material. The above-
mentioned physical properties are different for the solid and the liquid phase. The
phase changes from solid and liquid are considered to include temperature change due
to latent heat by using the equivalent heat capacity enlarged between the liquidus and
solidus temperatures which includes an additional term for latent heat as shown in Eq.

2.7 [199,212]
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where, Cpsaid is the heat capacity of the solid phase, Tmerting is melting temperature, T
is the liquidus temperature, Ts is the solidus temperature, and Lt is the latent heat of
fusion. The boundary conditions on the surface of the workpiece are heat energy
deposition by the laser source and the loss of heat energy by convection, radiation and

evaporation which are described in sections 2.6.1.1 and 2.6.1.2.

2.6.1.1 Heat influx or heat source

The heat flux to the workpiece depends on the laser-material interaction and

the intensity distribution is assumed to have a Gaussian distribution as given in Eq.

2.8 [213]
Gy, 2) = n)(PL exp|—x x? +y? 2.8
o nr} i

Where P is the laser power, rq is the radius of the laser spot size on the
workpiece, y is the distribution coefficient of the laser beam, (x,y,z) is the cartesian
coordinate system, and # is the absorption coefficient of material and defined by Eqg.
2.9 where a is the electrical resistivity of the workpiece and 4 is the wavelength of the
laser [214].

n(T) = 0.365 (%)1/2 —~0.0667 (%) +0.06 (%)3/2 2.9

Laser welding is a highly coupled multi-physics process which makes it a
computationally and time-expensive process. So, the idea is to decouple the possible
physics depending on the requirement of the downstream processes. For example,
numerical modelling of the keyhole is very computationally expensive for the
prediction of the weld profile, so a volumetric heat source is defined as it quantifies
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the heat input through complex keyhole interface geometry while still being
computationally inexpensive and obtaining the fusion lines compared with the
experiments [38]. The actual formation of the keyhole after the laser-material
interaction can be replaced by the volumetric heat sources. This method saves a lot of
computational resources and time to model complex keyhole phenomena which
require modelling of the vapour phase, laser-material interaction, material properties
in the gaseous phase, optics for the fall of laser on the material, reflection and
absorption of the laser beam by the materials by assuming a volume generating heat
as a keyhole having a Gaussian distribution while having the same degree of accuracy.
These assumptions are useful depending upon the application and outputs required
from the model required.

Goldak et al. [91] proposed a volumetric heat source model establishing a heat
source term based on the experimental weld pool dimension to evaluate temperature
distribution. This model was successfully implemented for arc welding. However, this
model was less appropriate for keyhole mode laser welding. In this model, two three-

dimensional ellipsoids were considered with a Gaussian distribution as given in Egs.
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Here ar, ay, b, and c are the heat source distribution parameters depending upon
the shape of the weld pool obtained by measuring the rear (ar), front (af), width (b),
and depth (c) of the half ellipsoids. fs and f; are the power distribution in the front and

rear quadrants of an ellipsoid.
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Cho et al. [215] proposed a Gaussian volumetric heat source to simulate laser
welding of thin sheets leading to a cylindrical shape of the heat source, which was

validated by Han et al. [216] and defined as:

(x_x(t))2+(y_y(t))2 2.12
-3 A
Q =(1- n)n—rLze < r )

Where r is the radius of the laser spot on the surface of the workpiece and # is the
energy attenuation, X« and y( are the coordinates of the moving track.

Wu et al. [217] proposed a three-dimensional conical volumetric heat source
in the polar coordinate system, which was used to model keyhole formation. In this
heat source, the power density was highest at the top surface and lowest at the root

with a weld bead root that resembles a cone. The conical heat source was defined as:

(e ) 2.13

0 pe \-T2ED))

Where re and rj are the radius at the top and bottom surface of the cone, the height of
the conical heat source is defined as ze - zi.

A rotating Gauss body or rotating Gaussian model heat source model [182,218]
was used as a volumetric heat source in which the attenuation of the laser intensity
was modelled as a logarithmic function inside the keyhole along the thickness of the

workpiece. The heat source is defined in Eq. 2.14 where H is the heat source height.

9P,

e r2log(H/z)
nr?H(1 —e™3)

_9((x‘x(t))2+(y—y(t))2> 2.14
Qrg =a

Several other models have been proposed to predict the shape and size of the weld
profile, which were termed as hybrid heat sources. These hybrid heat sources are the

combinations of two or more volumetric heat sources [219]. For example, a
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combination of conical and cylindrical heat sources [219,220], conical and double

ellipsoid [221], and Gaussian damped and double ellipsoid heat source [222].

2.6.1.2 Heat outflux or heat loss during welding
The heat outflux or heat loss during laser welding is comprised of three

mechanisms: radiation, convection, and evaporation of the materials. The heat loss
due to the contact with the ambient atmosphere and by radiation during welding is
governed by Newton’s law of cooling and the Stefan-Boltzmann relation [223].
Convective and radiative heat loss is considered for the top and bottom surfaces which
follows Eqg. 2.15 [223]
—kVT = h(T —Tp) + ea(T* = Tg) + Qugp 2.15

Where h is the surface heat transfer coefficient, ¢ is the emissivity of the
material and o is the Stefan-Boltzmann coefficient of radiation. The heat loss due to
vaporisation Qvap is defined as given in Eqg. 2.16 where W is the evaporation rate and
Ly is the latent heat of vaporization.

Quvap = WL, 2.16

Some of the earlier models simulated heat transfer to compute the temperature
distribution based on the user-defined heat source using finite element or finite volume
methods. Rosenthal [213] proposed a point source moving in an infinite material and
simulated surface melting which related to conduction welding. He also gave a
mathematical model for moving heat sources assuming a quasi-stationary state [224]
which is still the most popular analytical method for calculating the thermal history of
the welds. Many researchers had shown that Rosenthal’s analysis generates an error
for estimating temperature in or near the HAZ [225]. Pavelec et al. [226] gave a
circular disc-shaped heat source model with Gaussian distribution of heat on the

surface of the welded workpiece which provided better prediction of the temperature

73



distribution as compared to the point heat source. Hook et al. [227] approximated the
solution given by Rosenthal and suggested that the power needed to cause melting was
proportional and function of incident power. They assumed the laser beam as moving
line heat source and developed the relation between weld width, absorbed laser power
and welding speed. They did not estimate the depth of penetration as all the welding
conditions were assumed full penetration. Lax et al. [228] gave the numerical spatial
distribution of temperature by converting it into a 1D model and provided a general
solution of intensity distribution for a Gaussian beam. Dowden et al. [229] assumed
two-dimensional models for heat transfer and fluid flow. He also considered that the
keyhole was circular in nature and isothermal. They faithfully replicated the observed
displacement of the boundary between the solid and liquid states using the model, with
amore pronounced effect observed in models where the fluid motion was concentrated
closer to the keyhole. Goldak et al. [91] developed a model to simulate welding
processes with shallow and deep penetration using a double ellipsoid heat source. They
performed a comparison of the temperature distribution around the weld revealed that
the double ellipsoid model, which distributed the thermal load throughout the weld
pool, provided more accurate results compared to the disc model, where the thermal
load was only applied to the surface of the weld. Modest et al. [230] investigated
analytically 1D unsteady state pulsed Gaussian laser and temperature distribution in a
semi-infinite solid. They broadened the realm of exact analytical solutions for
Gaussian laser irradiation to encompass pulsed lasers and laser beams that exhibit
exponential decay as they penetrated the medium. To address applications involving
complex geometries such as laser melting and evaporation, a straightforward integral
method was introduced, utilizing one-dimensional diffusion, and its validity range was

established. Little et al. [111] proposed a simplified model for the prediction of
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residual stresses and distortions. Based on their findings, it was determined that the
transient temperature distribution in a welded plate experiences notable variations
depending on the selected thermal conductivity (k) value. Opting for a higher k value
resulted in a lower peak temperature near the weld, but higher peak temperatures in
regions distant from the weld. In close proximity to the weld, a higher k value led to a
faster decline in temperatures after reaching the peak. Additionally, a higher k value
facilitated a more rapid attainment of uniform temperature across the plate. Nguyen et
al. [231] gave an analytical solution for the three-dimensional transient heat source
and the temperature distribution derived from it was in good agreement with
experimental results. They also studied the dependency of heat source parameters on
temperature distribution and weld pool geometry. They demonstrated that the
analytical solution obtained for a double ellipsoidal heat source was a general one that
can be reduced to a semi-ellipsoidal, semi-sphere, 2-D Gaussian-distributed heat
source and the classical instant point heat source. Hou et al. [232] provided a general
solution for both stationary and moving heat sources and also co-related with different
shapes and intensities of heat sources. Araya et al. [233] used a control volume
approach to provide a numerical model for temperature distribution by a moving heat
source. They found that the maximum temperatures were formed just behind the centre
of the heating region and not at the centre. Bianco et al. [234,235] investigated
numerically transient heat conductive fields for two-dimensional and three-
dimensional infinite and semi-infinite solids due to a moving heat source. They also
showed that a quasi-steady state was attained. They found that convective heat transfer
played an important role in the temperature field inside the workpiece. They used
COMSOL Multiphysics code for their numerical solution. They considered a Gaussian

laser source with constant velocity moving along the welding direction. They also took
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a loss by radiation to ambient temperature into consideration. Shanmugam et al.
[236,237] used FE ANSYS code to numerically simulate thermal profiles and molten
pool geometry during laser butt-joint welding of AISI304 stainless steel. They
concluded that the distance between the laser beam spot and peak temperature
increased minutely with an increase in source power and decreased with a decrease in
welding speed. They concluded that peak temperature is always at the “heel* of the
centre of the laser for all welding conditions. They found out the shape of the weld
pool was elliptic in nature. Most of the existing studies are based on the examination
of the grain morphology of post-welded and performance, but no studies have
addressed the modelling of beam oscillation and its interactions on the welding
thermal cycle during the welding of dissimilar Aluminium alloys, however, the
interest is on the rise [184,238]. However, the current literature has focussed mainly
on single or multiple inputs and single-output scenarios which are not sufficient for
laser welding, and there is a requirement to assess the RLW process by MIMO
scenarios [11]. There are not many conclusive studies reported in the literature so far
which describe the interactions between the welding speed, heat source power and
beam oscillation. In addition to the existing numerical models, it is a need to study the

effect of beam oscillation on the weld thermal cycle.

2.6.2 Fluid flow in the molten pool

The velocity field in the molten weld pool is computed by solving the equations of
conservation of mass and momentum whose general form is given below based on

the assumption that the fluid is Newtonian, laminar and incompressible.
V-u=20 2.17

d 2.18
p% = —p(u-V)u —VP + n(V*u)+ F
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where u is the velocity vector, p is the fluid density P is the static pressure, 7 is the
dynamic viscosity of the fluid and F is the force term. As fluid is considered
incompressible, the density variation does not depend on pressure. The first term in
Eqg. 2.19 is according to the Carman-Kozeny equation for flow through a porous media
[239] representing the frictional dissipation which ensures a smooth transition of
velocity from zero to a large value in the mushy zone. The second term on the right-

hand side of Eq. 2.19 accounts for the natural convection.

(1-f)? 2.19

F==C <— W) u+ pgB(T — Teiting)
where B is a merely computational constant, a very small positive number to avoid
division by zero is set at 0.001 and C is a mushy zone constant related to the
morphology of the porous media which is a large number (a value of 1.6 x 10* was
used in the present study) to force velocity of the solid zone to be zero and represents
mushy zone morphology, f is the coefficient of volume expansion, g is the acceleration
due to gravity, Tmerting IS the melting temperature which is average of solidus and
liquidus temperature and f; is the fraction of liquid which is defined in Eq. 2.20, where,

Tiiq and Tsor are liquidus and solidus temperature of the materials respectively.

1 T > Ty 2.20
T —Tso1
=_{—- T, <T<Ty
fl Tliq _ Tsol sol = 1 = lliq
0 T < Ty

The flow of liquid in the molten weld pool is governed by buoyancy force, Lorentz
force and surface tension. At the bottom and the top surface of the molten weld pool,

Marangoni convection balances the surface tension and mainly drives the flow of the
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fluid [240]. Marangoni convection is defined as the flow driven by the surface tension
gradient produced by the difference in temperature. Flow condition for the free liquid
surface due to the surface tension gradient is given by Eq. 2.21 which states that the
temperature gradient is proportional to shear stress on the surface and 0y/0T is the

temperature coefficient of surface tension.

ou, dy oT duy, _ 0dyadT 2.21

N5, = ot e, T Nigray W

For the negative value of % flow direction will be outwards from the weld

leading to wider pools [241] and movement of solute particles away from the fusion
zone leading to segregation (such as in the Cu-Steel system) [174] which can be
countered by forced convection through beam oscillation. Also, due to forced
convection mixing of solute particles will be more leading to better and uniform
properties in the fusion zone.

All the studies had shown that beam oscillation improved the weld quality and
stabilized the welding process, leading to a better surface finish and less spatter
formation. However, most studies related to Aluminium alloys focus on process
stability and were carried out at lower frequencies. However, to date, no study has
investigated the effect of beam oscillation on the thermal cycle and flow behaviour for
a constant heat input per unit length. The influence of beam oscillation, however, is
important and can be understood when the heat input per unit length is kept constant
for each oscillation frequency. A change in heat input would alter the thermal as well
as flow behaviour, which makes it difficult to understand the effect of beam oscillation

in its entirety.
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2.6.3 Mass transport for material mixing

To evaluate the material mixing, the transport of species is evaluated by solving the
conservation equation of species for laminar flow which is defined as given in Eq.

2.22 [242]

ac —. .
E+v-(u6)=v-(Dvc)+sc

2.22

Where C is the concentration of species, D is the diffusivity of the species and Sc is
the source term which defines the buoyancy force due to mass transport as given in
Eq. 2.23 where C; is the reference composition of the species and fc is the fraction

difference in the densities of the two metals.

Sc = pgB (C—Cy) 2.23

At the free surface, Marangoni-driven mass transport due to concentration gradient is
given by Eq 2.24 [243].

ou, dyoC Ou, dy aC 2.24
"5, = fz%a: 125, = fz%@ ;

Sections 2.6.1-2.6.3 discuss the interaction between the physical phenomenon
necessary to simulate the laser welding process. Furthermore, laser welding is a
transient process where the heat source moves at a constant speed which makes an
essential requirement to have a dense and fine mesh near the heat source and molten
region and coarse mesh elsewhere. Numerical simulation of the laser welding allows
a deeper understanding of the process to improve weld quality, efficiency and control

over the process. Many realistic laser welding models have been developed but the

challenge is the computation time to survey the whole parameters space.
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Another challenge is an increase in the number of process parameters due to
the recent developments in heat delivery by laser systems such as beam oscillation,
beam shaping and power modulation which need to be analysed and optimised to
select the robust process parameters combinations which satisfy the weld
requirements. Various studies with beam oscillation have shown that the weldability
of aluminium alloys has improved with fewer defects and improved mechanical
properties [180-184], but none of them reports on an application in welding dissimilar
aluminium alloys. In the current state of the art, the effect of beam oscillation on the
solute distribution during laser welding of dissimilar aluminium alloys is missing in
the literature. There is a need for a coupled three-dimensional heat transfer, fluid flow
and mass transfer model to investigate the effect of process parameters on the weld

thermal cycle, flow profile, fusion zone geometry, and solute distribution.

2.7 Conclusions

The majority of literature is concerned with the investigation of process
parameters on the weld quality experimentally by performing characterisation
techniques on the post-welded specimens. This method of analysing the process is a
resource and time expensive. The use of numerical simulation to estimate the
temperature field and fluid flow field to understand and improve the laser welding
process is on the rise. In the literature, the estimated temperature field and fluid flow
field were mainly used to predict the weld profile and fluid flow behaviour [244-248].
The main aim of this study is to develop the correlation between the process
parameters and the KPIs to select robust process parameters, reducing the number of
experiments required. The current limitations of the literature are: (i) the current

literature has focussed mainly on single or multiple inputs and single-output scenarios
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which are not sufficient as laser welding is characterised as MIMO [11], (ii) limited
work on modelling of beam oscillation, beam shaping and laser welding process
variation in terms of a varying range of process parameters, (iii) limited work on the
effect of WPPs on the solidification behaviour during laser welding based on the weld
thermal cycle and fluid field, (iv) limited work on developing the relationship between
process parameter, IPIs and KPIs such as weld width, depth of penetration, thermal
gradient, peak temperature, cooling rate to analyse the RLW process, and (v) limited
availability of process maps or process monitoring methods to estimate the robust
process parameters for early design phase based on MIMO scenario. In order to
overcome these limitations, this study presents a simulation methodology that
encompasses the following advancements:

(i) The development of a numerical model for the laser welding process that
considers a system with multiple inputs and multiple outputs.

(if) The incorporation of beam oscillation and beam shaping as input process
parameters across the entire parameter space within the numerical model.

(iii) The implementation of a sequential numerical model that simulates the
necessary physics to evaluate the temperature field, flow field, and concentration field.

(iv) The creation of a surrogate model that allows for rapid estimation of
Important Process Indicators (IPIs) based on Welding Process Parameters (WPPs),
utilizing solutions from the numerical model.

(v) The introduction of a multi-fidelity numerical model that provides refined
process capability information throughout the complete range of the parameter space.
To strike a balance between accuracy and computational time/resources, a sequential
coupling of the governing physics within the numerical model was performed. The

process capability space was defined at each stage based on constraints derived from
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IPIs and Key Performance Indicators (KPIs) such as fusion zone dimensions, thermal
gradient, peak temperature, and cooling rate. As new physics is incorporated into the
model, the updated process capability space serves as the new parameter space,

ensuring a balance between computation and accuracy in this study.
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3.1 Introduction

Newer environmental regulations and policies aimed at reducing greenhouse gas
emissions have accelerated the development of industrial capabilities for a higher
uptake of e-mobility technologies to fulfil the demands of lighter, stronger and cost-
effective components [249,250]. In turn, these requirements have led to the
development of joining processes with capabilities for (i) joining multi-material
[251,252]; (i) high welding speed for high-volume manufacturing of multiple product
variants; and, (iii) rapid development and deployment of new joining processes as
required by shortened lead time and increased product variants [2]. However, a key
challenge is shortening the new process development and selection of key process
parameters to meet welding outputs pertaining to weld quality. Currently, the
development of the RLW process is time-consuming due to the interactions between
those factors that provide flexibility.

Measuring the weld thermal cycle experimentally is a challenging, time-
consuming, and expensive process, and it contains uncertainties with the
measurements [253]. As a result, numerical welding simulations are used to predict

the distribution and magnitude of the weld thermal cycle developed in different types

! The details in this chapter has been published as:

Anand Mohan, Dariusz Ceglarek, Michael Auinger, Modelling of thermal quantities in laser welded
joints for process assessment and parameters selection at the early design phase, Int J Adv Manuf
Technol (2022). DOI: 10.1007/s00170-022-10182-7.
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of materials and joint configurations during laser welding. Numerical welding
simulations have advantages over conducting experiments as they are faster and
cheaper. It can estimate quantities which are either difficult to measure experimentally
or not possible to be measured with the required accuracy. It allows investigating
systematically the effect of various conditions during welding such as different
welding process parameters, various joint configurations, several types of alloy
combinations, and different and complex geometries which can eliminate the practical
limitations of conducting experiments for process optimisation. It can be utilised on
two different levels (i) for predicting the weld outputs to optimise the welding process
parameters which decreases the number of experiments required; and (ii) to improve
the understanding of the complex physical phenomena which involve multi-field
interactions such as laser welding.

The interactions between the metallurgical and thermal changes of the
weldment during the welding determine the weld quality and mechanical performance
of the welds. Therefore, understanding and selecting the welding thermal cycle is a
crucial task in obtaining desired weld quality as described by the grain morphology
and mechanical properties. To be able to do this, it is important to model the relations
between the welding thermal cycle; welding process parameters (WPPs); and welding
thermal outputs. It is worth noting that these relations are crucial not only to select
WPPs but also to estimate welding process capability, to understand process variation
and then being able to control the process during the production phase. In the case of
laser welding, the key WPPs which govern the local temperature distribution during
the weld thermal cycle are welding speed, heat source power modulation and beam

oscillation [6].
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Overall, there is a strong need for both welding process parameter selection
and understanding their sensitivity to IPIs that need to be determined during the
process design phase ideally via simulations or with a minimum number of physical
experiments. Physical experiments alone are not efficient to survey the entire
parameters space, as it takes weeks or months to run them. Efficient simulation of
weld thermal cycle provides the option to be (i) run in the entire parameters space
(high fidelity simulations which replace physical experimentations), or (ii) integrated
with physical experiments in such a way that simulations are run in un-tested settings
of parameters space decreasing the number of experiments required (lower fidelity
simulations which reduce the number of physical experiments). Experimental
measurements of peak temperature and cooling rate are difficult due to a very high
peak temperature and small weld pool formed; however, they can be quantified by
using simulation and modelling tools [9]. In welding simulation, inputs are understood
as welding process parameters (WPPs) and the quality performance is evaluated by
using multiple outputs which are called Intermediate Performance Indicators (IPIs) in
this study. It was observed that these process parameters not only affect the weld
thermal cycle IPIs, but also the Key Performance Indicators (KPIs) of other
downstream processes.

This chapter introduces a numerical simulation methodology to develop (i) a
numerical model for the estimation of weld thermal cycle considering multiple inputs
(i.e. key WPPs) and multiple-outputs (i.e. IPIs) system by conducting computer
simulations; (ii) the effect of WPPs is depicted by parametric contour maps based on
the developed numerical model over the parameters space; and, (iii) process capability
space (Cp-Space) which is depicted by parametric contour maps based on the

developed numerical model that allows the estimation of a desired process fallout rate
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in the case of violation of process tolerances. The proposed methodology provides a
unique ability to: (i) simulate the effect of process variation as generated by the
manufacturing process; (ii) generate the relationship between the WPPs and the IPIs
and assess the sensitivity of process parameters on the IPIs; and (iii) understand the
effect of beam oscillation on the weld thermal cycle. The rest of the chapter is
organized as follows: Section 3.2 formulates the modelling strategy for the estimation
of weld thermal cycle based on the finite element method and develops a surrogate
model to generate regression relation between WPPs and IPIs; Section 3.3 provides
experimental details; Section 3.4 discusses the effect of WPPs on the IPIs using

parametric contour maps and finally, conclusions are summarized in Section 3.5.

3.2 Modelling strategy

3.2.1 Assumptions
The weld thermal cycle is estimated using a transient heat transfer model which

enables the calculation of the spatial and temporal distribution of temperature
(T(x,y,z,t)) during welding. To decrease the computation time within the required
accuracy, the following assumptions were considered: (i) No gap between the two
metal plates; (ii) Material properties such as thermal conductivity (k), heat capacity
(cp) and density (p) were assumed to be temperature-dependent; (iii) the latent heat of
melting and solidification are included; (iv) No convection in the melt pool was
considered in the model; (v) absorption coefficient is calculated using Eq. 2.9 and
adjusted to calibrate the model based on the weld profile estimated from the
experiments (vi) No vapour and plasma flow is simulated in the model. A Gaussian
distributed volumetric heat source was considered which generates the heat inside the

material such that fusion zone boundary lines are comparable to the experimental
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results [221]; and (vii) additional contributions to the calculated temperature profile
from exothermal reactions (e.g. oxidation) as originating from oxidation (i.e.,
exothermal reactions) and local effects of the shielding gas were not considered in this

research work.
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Figure 3.1 (a) Schematic illustrations of geometry and finite element mesh distribution
across the three zones (base metal, fusion zone, and weld centerline), used for the
simulations and (b) experimental setup for the welding.

3.2.2 Materials and Geometry
A 3D Cartesian coordinate system is used. The heat source is moving in the x-

direction, and it is incident in the z-direction at z = 0. In the 3D model, the size of the
plate was 100 mm x 50 mm with a thickness of 3 mm. Each plate was divided into

three domains: 100 mm x 49 mm x 3 mm (base metal), 100 mm x 1 mm x 3 mm
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(fusion region) and 100 mm x 1 mm x 3 mm (weld centerline) as shown in Figure
3.1. This improves the distribution of tetrahedral mesh elements for the simulation
having a total mesh consisting of 1169117 domain elements as shown in Figure 3.1.
The size of the mesh at fusion zone is taken as r/4 where r is the laser spot size, such
each spot has at least 8 mesh elements. The validation of the model was done using
the welding of Titanium to Aluminium alloys with material properties and coupon
geometry as used in Sonia et al. [31] having a dimension of each plate as 100 mm x
50 mm with a thickness of 2 mm for the Titanium alloy and 3 mm for the Aluminium
alloy. The material properties used for the model development are reported in Table
3.1 Thermo-physical properties of AA5754, Ti6Al4V and Al-6061 alloys used in this
study [255,256]. and Table 3.2. In this study, the validation of the FEM heat transfer
model for weld thermal cycle estimation was done by conducting welding of
Aluminium 6061 and Aluminium 5754 alloys for no oscillation conditions and from
the literature for beam oscillation conditions. In this study, the materials used for
generating results are Aluminium 6061 alloy and Aluminium 5754 alloy. The thermal
material properties of Aluminium 6061 and Aluminium 5754 used for the numerical
simulation are obtained from the COMSOL material library [254]. Due to the
unavailability of material properties beyond a certain temperature the values are kept
constant for the value known at the last temperature value. All these properties are
defined locally using a piecewise function as the temperature is a local quantity. The
finite element mesh consisted of about 1169117 domain elements, 102412 boundary
elements and 4528 edge elements having higher density near the fusion zone (FZ) and

HAZ as compared to the rest of the structure.
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Table 3.1 Thermo-physical properties of AA5754, Ti6Al4V and Al-6061 alloys used

in this study [255,256].
Property AA5754 Ti6AI4V Al-6061
Density (g cm™) 2.7 4.4 2.68
Liquidus Temperature (K) 870 1923 925
Solidus Temperature (K) 856 1880 855

Table 3.2 Temperature-dependent thermal conductivity value for alloys AA5754,

Ti6Al4V and Al-6061used in this study [255,256].

Thermal Conductivity Heat capacity
(W m K- (3 kgt K?)

Temperature AA5754 Ti6AI4V Al-6061 AA5754 Ti6Al4V Al-6061
(K)
293 138 6.01 162 900 525 917
373 147.2 7.1 177 950 550 978
473 152.7 8.5 192 998 579 1028
573 162.7 94 207 1055 610 1078
673 152.7 11.3 216 1096 628 1098
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773 158.75 14.78 223 1140 660 1133
873 138 17.20 253 1400 698 1230
1773 138 34.3 253 1240 680 1230

3.2.3 Governing Equations
The heat source is considered perpendicular to the workpiece surface along the

z-axis and moving with constant welding speed along the x-axis. The calculated
temperature field is a function of space (x, y, z) and time (t) which is determined by
the non-linear energy conservation Eq. 3.1 [211].

3.1
aT — —
PCy [E] =V- (kVT) + Qiaser

Where p is the material density, cp is the specific heat capacity of the material,
T is the temperature of the workpiece, t is the time, k is the thermal conductivity of the
material, and Qiaser IS the energy input of the laser heat source. The phase changes are
considered to include temperature change due to latent heat by using the apparent heat
capacity method which includes an additional term for latent heat as shown in Eq. 3.2

Afy 3.2
sl ﬁHm

Cp = CP,solid- (1- fl) + CP,liquid-fl + L
Where, Cpsolid is the heat capacity of the solid phase, Cp,iquid is the heat capacity
of the liquid phase, L, is the latent heat and f; is the phase transition function. For

pure solid fi = 0, and pure liquid f; =1.

90




3.2.4 Heat source design and boundary conditions

Here, a hybrid heat source is adopted to simulate the heat input to the
workpiece. Multiple combinations of volumetric heat sources are simulated and
compared with the experimental results to predict the shape and dimensions of the
weld profile. The general trajectory of the moving heat source is given in Eq. 3.3 where
X@®), Y and zw) are time-dependent heat source spot coordinates, Xo, Yo and zo mark the
initial position of the heat source, S is the welding speed, A is the oscillation amplitude
(for sinusoidal oscillation), R is the radius of oscillation (for circular oscillation), t is
the time and f is the oscillation frequency. The term St gives the displacement in the
welding direction, (1-Rcos(2xft)) and Rsin(2xft) produce the circular rotation for the

oscillation of the beam and Asin(2zf#) produces sinusoidal movement of the beam.

(%9 — St,y0, 2p) No oscillation 3.3
X0y Yo 2ey) = (xg — St, yo + Asin(2rft), zy) Sinusoidal
(xo + St — R(1 — cos(2nft)), yo + Rsin(2mft), z,) circular

The power density distribution of the five different hybrid heat sources with origin

(Xo,Y0,20) is described as follows:

e Case-1: 3D volumetric Gaussian heat source which is defined in Eq. 3.4. They
have a volumetric Gaussian-shaped energy distribution, with the nominal power
of the heat source at the centre (xo,Yo,20) is defined as shown in Eq. 3.4. Note that

this relationship represents the 36 range (99.7% of total heat input) of a heat source

[239].

3P, _3<(x—x(t))2:2(y—37(t))2+(Z—§gt))2> 3.4

e
mr2d

Q,(x,y,z,t) =1
Where P, is the power of the heat source beam, r is the heat source spot radius,

and d is the maximum depth of penetration. In the conical design of the heat source,
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the temperature is maximum at the surface and minimum at the bottom which is a
simplified representation of the keyhole formation during laser welding. # is the
absorption coefficient of material and is defined by Eq. 2.9 [257].

e Case-2: Hybrid 3D volumetric Gaussian and double ellipsoid heat source -
According to previous research [37, 40], laser absorption is described as Fresnel
absorption inside a keyhole. The hybrid volumetric heat source is a combination
of a double ellipsoid heat source and a 3D volumetric Gaussian damped heat
source. The Bremsstrahlung absorption is modelled by the double ellipsoid heat

source [258] and is described as follows:

2
v L) (eve)(re) 35
Qr(x,y,2,t) = L7t R
&Y,z n agbemVn
2 2 2
( £ = 6V3frPy —3% —3(y_2’§t)) —3(Z_i§t)) 30
Qr XY, 2 =0 arbenvn € €
Qlaser(x! Y,z t) = leg(xJ Y,z t) + fZ(Qr(x: Y, Z, t) + Qf(xﬂ Y, Z, t)) 3.7

Where ay, ar, b, and c are the heat source distribution parameters depending upon the
shape of the weld pool obtained by measuring the rear (ar), front (as), width (b), depth
(c) of the half ellipsoids, Qf(x,y,z,t) and Qr (x,y,z,t) are the power densities in the front
and rear quadrant of the double ellipsoid heat source (Egs. 3.5-3.6). The effective heat
absorbed by the hybrid heat source i.e., double ellipsoid and 3D Gaussian conical heat
source is given by Eq. 3.7. f1 and f, are the power distribution coefficient between the
3D Gaussian and double ellipsoid heat source which follows f; + f> = 1 and in this
study, it is set as 0.6 and 0.4 respectively. fr and f are the power distribution in the
front and rear quadrant of an ellipsoid which follows ff + fr = 2 [222], and in this study,
it is set as 0.4 and 1.6 respectively. Just to note that the value of the f, > fr and fr are

calibrated from the experimental results based on the weld profile obtained using
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optical microscopy. This calibration is performed via a trial-and-error method and the
value best showing the correlation is selected and kept constant throughout the study.
The shape of the weld pool depends upon heat source distribution parameters obtained

by measuring the rear (ar), front (ar), width (b), and depth (c) of the half ellipses.

e Case-3: Hybrid Gaussian damped heat source and double ellipsoid heat source
combined - The Gaussian damped heat source model suggested by Yuewei et al.
[222] was adopted to describe the heat distribution, which is given in Eq. 3.8 as

follows:

6P; mz+r r
nr2D(1—e~3) md+2r

_3 (x—x(t))z-l-z(y—y(t))2> 3.8
di(ny;Z; t) =n

Qlaser(x'yJ Z, t) = fZ(QT(xlinl t) + Qf(x'yrz' t)) + f3di(X,y,Z, t) 3.9

The effective heat absorbed by the hybrid Gaussian damped heat source and double
ellipsoid combined is given by Eqg. 3.9. f3 and f, are the power distribution coefficient
between the Gaussian damped and double ellipsoid heat source respectively which
follows f3 + fo = 1 and in this study, it is set as f3 = 0.6. D is the depth of penetration,
and the damping coefficient m is selected to minimise the simulated errors which are

taken as 0.1 in this study.

e Case-4: Rotary Gauss body heat source - A rotating Gauss body heat source model
[182,218] was used as a volumetric heat source is given in Eq. 3.10 where H is the

heat source height.

r21log(H/z)

_9<(x_x(t))2+(y_y(t))2> 3.10

_ 9P,
Qrg (x, Y,z t) =7 n'rZH(l—e‘3) e
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e Case-5: Hybrid modified Gaussian damped heat source and double ellipsoid heat
source combined - The Gaussian damped heat source is modified to account for
the decay of the heat distribution through the thickness of the workpiece in place
of specifying it to the depth of penetration. In general, the depth of penetration is
provided as input in the model which is calculated experimentally or by
interpolation using a surrogate model based on a few experiments. The
experimental calculation will not serve the advantages of performing numerical
simulations to predict the fusion zone dimensions. The modified Gaussian damped
hybrid heat source eliminates the requirement of providing depth of penetration as

an input and is defined as:

_3(’“"‘(0)2*(3"3’(0)2 _3(Z‘Z(t))2 3.11

6f4P mz+r
f‘l— L TZ e dz

nr2d(1-e—3) md+2r

Qmga(x,¥,2,t) =1
Quaser(,¥,2,t) = f2(Qr(%,y,2,t) + Qp(x,¥,2, 1)) + falQmga(x,¥,2,t)  3.12

The effective heat absorbed by the hybrid heat source i.e., double ellipsoid
and modified Gaussian damped heat source is given by Eq. 3.12. f4 and f, are the power
distribution coefficient between the modified Gaussian damped and double ellipsoid
heat source (f4 + f> = 1), respectively, and the value of f4 is set as 0.6.

The initial temperature of the workpiece is assumed to be maintained at room
temperature (To). The energy absorbed by the workpiece is transferred by conduction,
which further is partially lost due to contact with the ambient atmosphere and by
radiation leading to cooling. The heat loss due to the contact with the ambient
atmosphere and by radiation during welding is governed by Newton’s law of cooling
and the Stefan-Boltzmann relation [223]. Convective and radiative heat loss is

considered for the top and bottom surfaces which follows Eqg. 2.15 [223].
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The governing energy conservation equation is discretized using the finite
element method. The input process parameters are welding speed, heat source power,
radius of oscillation, frequency of oscillation and heat source spot size as depicted in
Egs. 3.3-3.12. The output of the model is the temperature distribution which represents
a function of position and time taken to complete the welding. Three outputs of interest
have been derived from the transient temperature distribution which are (i) peak
temperature (Tpeak), (ii) heat-affected zone volume (Vraz) and (iii) cooling rate (Crate).
The Tpeax is defined as the maximum temperature recorded during welding. The Vhaz
is defined as a region bounded between the temperature to cause metallurgical
transformation and grain growth but less than the melting point of the material as

defined in Eqg. 3.13.

[ [ TGy, 2, O)dx dy dz dt 3.13

Viaz = — , T e[470K,933 K]
2 1

The temperature range lies between solidus and where grain growth is not
possible and is taken as 933 K-470 K temperature range. The cooling rate Crate iS
defined as the change in temperature from the melting point to the 470 K divided by

the time taken.

3.2.5 Numerical implementation

The commercial COMSOL Multiphysics 5.6 software is used for the numerical
simulation. COMSOL Multiphysics solver is based on the Finite Element Method
(FEM). The calculation domain is discretised into a finite number of elements and
general conservation equations are solved on this set of elements. Time is discretised
using the backwards differential formula (BDF). The system is solved fully coupled,

and the system of non-linear equations is solved using the damped Newton method.
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The heat transfer interface is employed to solve the elliptical partial differential
equation in temperature.

A three-dimensional model and grid are set inside the COMSOL Multiphysics
using a graphical user interface provided in the software. A Parallel Direct solver
(PARDISO) is used as it is robust and fast. The convergence criteria for the residuals
of the energy equation are 10, The domain size, time step and mesh size are
investigated to attain high accuracy of the numerical model. The domain size of the
numerical model is selected large enough to eliminate the boundary effect for
fluctuation of the temperature field. The time step is selected based on the frequency
of oscillation such that it can map the effect of frequency on the temperature field. The
time step is taken as 1/(4f) where f is the frequency of oscillation. The FEM model
solves problems at a series of discrete points called as elements. These elements or
nodes add degrees of freedom (DOF) to the simulation. So, the more the DOFs, the
better the model captures the physical behaviour. But each DOF increases the
complexity of the model and thus increases the computation time and too few DOFs
lead to inaccurate outputs from the model. So, to have an accurate result from the
model, the solution should be independent of the mesh size. A mesh convergence study
was performed which represents the number of mesh elements required in the
numerical model to ensure that the results are not affected by changing the mesh size
and additional mesh refinement does not affect the results. Mesh analysis was
performed at a constant material property, welding process parameters and time step.
The example for the calculation of time step and mesh size if given in appendix. The
minimum mesh size at the fusion zone region is a function of spot size of the laser
beam. If the r is the radius of laser beam, then the minimum spot size is r/4. The plot

between the number of mesh, computation time and deviation are calculated as shown
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in Figure 3.2. Deviation of temperature is calculated for the maximum temperature
over the global domain. Figure 3.2 also represents the region of efficient and
inefficient FEM mesh. Mesh size is selected which can be solved in reasonable
computation time and has less deviation in the global peak temperature. Compiled
user-defined functions are introduced for the calculation of the position of the laser
heat source at a given time as a function of welding speed, beam oscillation parameters

(amplitude and frequency) and the volumetric Gaussian heat source in terms of spatial

distribution.
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Figure 3.2 Relation between computation time, number of mesh and % deviation
performed for mesh analysis.

The model outputs have been calculated after the solution attains a quasi-
steady state such that all output values attain a quasi-steady state and can be calculated

to be compared with the experimental results. Similarly, the experimental calculations
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are made after 20 mm from the start and end of the weld seam. In the present numerical
model, three different outputs are calculated which need to attain a quasi-steady state.
These are the peak temperature as well as the width and length of the weld. The
evolution of the temperature field for no oscillation conditions at different times is
shown in Figure 3.3. The peak temperature attains a quasi-steady state at time t = 0.025
seconds, width attains at time t = 0.05 seconds and length attains at time t = 0.08
seconds which is depicted in Figure 3.3 below. It is worth noting that the output from
the numerical model must be checked and calculated after it attains the quasi-steady

state such that the values are constant to be compared with the experimental results.
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Figure 3.3 The evolution of temperature field, width and length of the weld at different
times for no oscillation condition with a welding speed of 4000 mm/min and laser

power of 4500 W.

The evolution of the temperature field depicting the top surface weld
morphology for beam oscillation conditions is shown in Figure 3.4. In beam oscillation
conditions, the peak temperature attains the quasi-steady state at time t = 0.05 seconds,
width attains the quasi-steady state at time t = 0.10 seconds and the length of the weld

pool attains quasi-steady state at time t = 0.17 seconds. It is evident from the
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temperature field that beam oscillation requires more time to attain a quasi-steady
state. In fact, beam oscillation takes almost twice as long to attain a quasi-steady state

for all the outputs. This is due to the modification of the temperature field due to beam

oscillation.
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Figure 3.4 The evolution of temperature field, width and length of the weld at different
times for beam oscillation conditions with a welding speed of 2500 mm/min, laser
power of 4500 W, oscillation radius of 0.6 mm and oscillation frequency of 200 Hz.
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3.3 Experimental details

Dissimilar welding of Al-5xxx with Al-6xxx is performed in this study. The
welded coupons are machined into the size of 100 mm (length) x 45 mm (width) x 3
mm (thickness) and cleaned with acetone to remove surface contaminations before
welding. A butt joint configuration was employed. No shielding gas or filler wire was
used during the experiments. A 10 KW Coherent ARM FL10000 laser system as
shown in Figure 3.1 (b), with a beam parameter product of 16 mm mrad with a core
optical fibre of 100 um diameter was used. The laser system coupled with the
WeldMaster remote welding head (Precitec GmbH, Germany), has a 150 mm
collimating length, a focal length of 300 mm and a resulting Rayleigh length of 5.3
mm. Beam oscillation is generated by the motorized mirror and collimator integrated
with the WeldMaster Scan&Track remote welding head (YW52 Precitec GmbH,
Germany). Only a core beam was used to carry out the experiments. To ensure precise
alignment of the laser beam, a pilot laser, integrated into the laser head, is employed
to position the laser spot accurately. The laser spot is aligned in such a way that half
of its size falls on one plate, while the other half falls on the adjacent plate. The setup
is securely clamped to maintain a tight configuration and prevent any gaps between
the plates. Additionally, the edges of the plates are trimmed to create a straight cup
shape, minimizing the occurrence of gaps. To ensure repeatability, two samples are
created from each weld seam, while for reproducibility, three to five separate weld
seams are generated depending upon the variation and output. The experimental
results include the calculation of standard deviation to demonstrate the variation
observed in the outcomes. The weld dimensions were measured using a Keyence

VHX7000 optical microscope at five different points on the weld seam which is 20
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mm away from the start and end of the welding position. The welding head is tilted at
4° from the vertical direction. Constant laser power of 4500 W is adopted throughout
the welding experiments. The welding speed is increased from 4000 mm/min to 6000
mm/min in a step size of 500 mm/min such that to generate enough data points to
compare the experimental results with the numerical model and also to analyse the

effect of welding speed in no oscillation condition.

3.4 Results and Discussions

The transient heat transfer model is validated by the experimental results from
the literature [255,259]. A total number of around 800 numerical simulations were
carried out which serve as a base for the discussed results. Each simulation took 25
minutes to solve for no oscillation conditions and 105 minutes for oscillation
conditions. This is due to the increased complexity introduced with the heat source
oscillation and an increase in the number of mesh elements as the heat source
traversing area has been increased. All outputs from the model have been calculated
after it attains the quasi-steady state. The evolution of the temperature field at different
times and time required to attain a quasi-steady state for different outputs have been
added in supplementary materials for both no oscillation and beam oscillation

conditions.

3.4.1 Model validation

The model is validated in three steps: (i) validation of 3D temperature
distribution based on the data from the literature [255]; (ii) validation of the model for
welding of Al-5xxx to Al-6xxx in butt joint configuration with no beam oscillation

based on the weld profile at the top surface; (iii) validation for the cases of welding
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with beam oscillation and, finally, (iv) the validation is based on the weld profile by

comparing the shape and dimensions of the fusion zone with the optical micrographs.
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Figure 3.5 Calculated temperature distribution of Al-Ti welded joint, investigated in
this study (top). The position of the weld central line and the thermocouple (top) is
indicated by the arrow (top). Comparison between experimental and simulated thermal
cycle at the Titanium (bottom left) and Aluminium side (bottom right). Experimental
data has been reproduced from [255].

The initial step involves the validation of the 3D temperature distribution in
Al-5754 and TisAlsV welded joints by comparing it to a single-point temperature
profile obtained from literature using thermocouples [255]. The objective is to assess
the accuracy of the 3D temperature measurements. Figure 3.5. illustrates the thermal
cycle obtained from both simulation and experimental data using thermocouples. The
simulated thermal cycle closely matches the experimental results, indicating the
reliability of the numerical model. The peak temperature values obtained exhibit a

difference of less than 0.1%, which remains consistent throughout the model and falls
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within an acceptable range. Comparing the calculated heating cycle with the
experimental results reveals a difference of less than 0.5%, while the cooling cycle
shows a deviation of 8% for Titanium alloy and 2% for Aluminium alloy, which is
within an acceptable range. This variation can be attributed to the higher thermal
conductivity of Aluminium (158.7 W m™* K1) as compared to Titanium (14.7 W m*
K™). It should be noted that the thermocouples might underread transient condition
while capturing the weld thermal cycle which could be a reason for the variation with
the simulated results. Consequently, heat transfer through conduction is more
dominant in Aluminium due to its higher thermal conductivity. Additionally, the
difference in peak temperature between the two alloys can be attributed to their
respective heat capacities and thermal conductivities. The higher heat capacity of
Aluminium requires more energy to raise its temperature, while the higher thermal
conductivity results in faster heat dissipation, leading to a decrease in temperature. In
the second step, the model is validated for the welding of Al-5xxx and Al-6xxx in butt
joint configuration with no beam oscillation. The intention is to estimate the accuracy
of the model for the change of material used for welding and the geometry of the joint
configuration. The goodness of the model is compared based on the weld width at the
top surface obtained experimentally for varying welding speeds as shown in Figure
3.6. The maximum error seems to be 6%. Results show that an increase in welding
speed at constant laser power can effectively decrease the weld width. This is due to a
decrease in heat input to the workpiece. Due to the reduced heat input, less melting of
the material occurs. Due to the smaller volume of the molten pool, weld beads with
reduced widths are formed. In the third step, the model is translated from no oscillation
to beam oscillation condition for a varying radius of oscillation using experimental

data from the literature [259] which is shown in Figure 3.6 (f). The model shows good
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accuracy with an error of 4.5% thus, demonstrating that the model can be used for
laser welding with and without oscillation. To analyse the effect of WPPs on the IPIs
and the process capability space, the validated numerical model is solved for the butt
welding of Al-5xxx with Al-6xxx as the results are based on steps 2 and 3 of the model
validation. Variations of IPIs due to the variation in process parameters are studied for

both no-oscillation and beam oscillation conditions.
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Figure 3.6 Comparison between the calculated weld morphology from the model and
the experimented weld optical micrographs for Al-5xxx and Al-6xxx laser welded
joint. Figure (a) shows the calculated weld width, and Figure (b) an optical micrograph
at a heat source power of 4500 W and welding speed of 4500 mm/min. Figure (c)
shows the calculated weld width, and Figure (d) an optical micrograph at a heat source
power of 4500 W and welding speed of 6000 mm/min. Figure (e) shows the
comparison between the calculated and experimented value of weld widths for varying
welding speeds at a constant power of 4500 W for welding of Al-5754-6061. Figure
(f) shows the comparison between the calculated and experimented value of weld
widths for a varying radius of oscillation at a constant power of 3500 W, 1500 mm/min
and frequency of oscillation of 100 Hz for the welding of Al-6xxx (experimental data
taken from [259]). The error bar represents standard deviation, and 3 weld seams are
generated for repeatability of the process.
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In the final step, the numerical model is validated by comparing the shape of the fusion

zone, weld width and depth of penetration with the corresponding experimental

results. The process parameters combinations used for welding trials and

corresponding experimental values for the weld width and weld depth calculated

experimentally are given in Table 3.3. The setup number is used to refer to the process

parameter combination in the rest of the thesis.

Table 3.3 Detailed welding process parameters of the setups and experimental results

Set-

up

#1

#2

#3

#4

#5

#6

#7

#8

#9

#10

#11

#12

#13

Power

(kw)

4.5

4.5
4.5
4.5
4.5
4.5
4.5

4.5

4.5

4.5

Welding

speed
(m/min)
4

4

Amplitude

(mm)

0.6
0.6
0.6
0.6
0.6

0.6

1.2

1.8
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Frequency

(Hz)

200
100
200
300
400

500

200

200

Weld

depth

(mm)
3.00+0.00
3.00+0.00
2.6 +0.64
244 +£0.79
2.32+£0.59
2.16 £0.51
2.04 £0.50
2.16 £0.82
1.95+1.10
2.05+0.94
2.25+0.84
1.88 £ 0.70

1.33+0.39

Weld
width
(mm)
2.85+0.38
3.72+0.20
291+041
2.95+0.22
3.02+0.6
3.12+0.8
3.17+0.10
2.60+£041
2.20+£0.44
2.65+0.34
2.65+0.39
3.10+0.29

3.28+0.5



#14 4.5 4 2.4 200 0.87+0.22 3.65+0.58

It is required to estimate the similarities between the different heat sources
based on the heat distribution such that the most appropriate heat sources can be
identified. Also, this will showcase the position of the new heat source based on
different distribution functions. The volumetric heat source model is the simplified
approach to model keyhole as it quantifies the heat input and distribution through the
complex keyhole formation. The shape of the weld profile depends on the heat
distribution along the surface and the volume of the workpiece. This heat distribution
is governed by the power densities at the surface and inside the volume of the
workpiece. Figure 3.7 (a) shows the variation of surface power density with volume
power density for all 5 volumetric heat sources for setup #1. It also represents the
shape of the weld cross-section predicted from the numerical model for all heat sources
based on the temperature distribution. It was found that the heat sources for cases 2, 3
and 5 can be combined based on the similarity of the surface and volume power
densities. Case 1 has the highest surface power density of all the cases which suggests
that it has the highest peak temperature in all cases. Case 4 has the highest volume
power density which suggests that it has the highest heated volume which can be seen
from the temperature distribution for the weld profile. The heat distribution developed
by case 4 is different from the rest. Figure 3.7 (b) shows the optical micrograph of the
weld cross-section obtained. It is evident from Figure 3.7 (a-b) that the shape of the
weld cross-section predicted in case 5 has the best agreement with the experimental
observation. Figure 3.7 (c-d) summarises the weld width and depth of penetration
obtained from the experiments and the numerical models for all the experimental

setups performed in this work for all volumetric heat sources. The average percentage
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error of different volumetric heat source models based on the weld width and depth of
penetration are 6.7% (case-1), 9.2% (case-2), 9.5% (case-3), 10.1% (case-4) and 3.1%
(case-5). The weld width and depth of penetration predicted in case 5 have the lowest
error of 3.1% of all as shown in Figure 3.7 (c-d) for all the experimental setups

performed in this work.
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Figure 3.7 (a) Variation of surface power density with the volume power density and
simulated weld cross-sections for all 5 volumetric heat sources. (b) optical micrograph
of the welded region from experimental weld trails, (c) comparison between
experimental and simulated weld width at the top surface and (d) depth of penetration
for the different heat source models. The experimental setup is given in Table 3.3.
Here, Case-1: 3D volumetric Gaussian heat source; Case-2: Hybrid 3D volumetric
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Gaussian and double ellipsoid heat source; Hybrid Gaussian damped heat source and
double ellipsoid heat source combined; Case-4: Rotary Gauss body heat source and
Case-5: Hybrid modified Gaussian damped heat source and double ellipsoid heat
source combined.

3.4.2 Characterization of peak temperature, HAZ volume and cooling rate for

no oscillation condition

For the no-oscillation condition, Figure 3.8 (a) shows the simulated peak temperature
contours for different combinations of laser power and welding speed. For laser
welding in conduction mode, the peak temperature must remain between the melting
and the boiling point of the metal. For the keyhole mode, the peak temperature must
be above the boiling point of the metal being welded. In laser keyhole welding, the
laser intensity is high enough to evaporate the metal which leads to the formation of a
“keyhole”. So, it is a reasonable assumption to make that if the temperature reaches
above the boiling point, it is likely that a keyhole will form. In this study, for full
penetration welding, the peak temperature at which the temperature at the bottom
surface is just below the melting point leading to full penetration during welding is
found to be 3500 K. The upper limit of peak temperature is 3500 K, and the lower
limit is the melting point. The space above the upper peak temperature limit will lead
to the cutting of the workpiece and the space below the lower limit will lead to only

the heating of the workpiece without any melting.
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Figure 3.8 Parametric contour maps for laser power vs welding speed for no oscillation
welding. Figure (a) contour maps for peak temperature, (b) contour maps for HAZ

109



volume, and (c) contour maps for cooling rate. The parametric contour maps are
developed for the joining of Al-5xxx with Al-6xxx alloy system for butt welding
configuration.

It was observed that with the increase in power at constant speed the peak temperature
increases due to the local increase in net heat input per unit length to the workpiece
defined as (nP)/S. Whereas when the welding speed is increased at constant power,
the net heat input to the workpiece decreases, leading to a decrease in peak
temperature. The simulated cooling rate and heat-affected zone volume profiles are
shown in Figure 3.8 (b) and (c), respectively, for different combinations of heat source
power and welding speed. It was observed that at constant welding speed with the
increase in power HAZ volume increases due to the higher heat input to the workpiece
while the cooling rate decreases. Whereas when the welding speed is increased at
constant power, the HAZ volume decreases as net heat input to the workpiece
decreases, causing a decrease in peak temperature which leads to an increase in

cooling rate.

An important characteristic of the results in Figure 3.8 is that a particular weld
attribute, such as the peak temperature or cooling rate or HAZ volume can be achieved
by multiple combinations of welding process parameters. The weld thermal cycle
depends on heat input and heat distribution during welding as described by Eq. 3.1.
The heat input due to a laser heat source is described by Egs. 3.4 - 3.12 which is a
function of WPPs. If the quotient of process parameters is the same, then the same
peak temperature can be attained. For example, from Eq. 3.4 heat input is a function
of laser power and welding speed, the same peak temperature can be attained if the
laser power is high at a very high welding speed and low laser power at a low welding

speed. Thus, the same quotient of process parameters in both cases results in similar
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heat input resulting in a similar peak temperature. The heat distribution can be
described by the heat capacity and thermal conductivity of the material as described
by Eq. 3.1. For the similar quotient of thermal conductivity and heat capacity, heat
transport is expected to be similar. Also, for an alloy system, the same heat transport
can be generated due to the similar heat capacity and thermal conductivity. This
existence of multiple paths to achieve the desired weld requirements exhibits the

flexibility of the laser welding process.

3.4.3 Characterization of peak temperature, HAZ volume and cooling rate for

beam oscillation condition

In no oscillation welding, it was identified that laser power and welding speed are
relevant, and this section focuses on the effect of radius of oscillation and frequency
of oscillation because it has been established laser power and welding speed are
important factors affecting the weld thermal cycle. Process variables that correspond
to the shape and overlapping of the heat source are the radii of oscillation, frequency
of oscillation, and welding speed. Heat input per unit length in the case of oscillating
heat source is defined as [(7P)/ (N(S? + (2nRf)? + (4nsrfsin(2xft))))]. There are two
possibilities during circular beam oscillation: (i) no overlapping of the path traversed
by the oscillating heat source and, (ii) overlapping of the path traversed by the
oscillating heat source as shown in Figure 3.9 . For the onset of overlapping the
position of the heat source in the y-axis should be R (using the negative sign for

negative y-direction) as shown in Figure 3.9 (a) and the time taken is ti,

y(t,) = —R 3.14

Putting Eq. 3.14 in Eq. 3.3 gives,
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Yo + Rsin(2nft,) = —R 3.15

Considering the initial position of the heat source at the origin (yo = 0) gives

3 3.16

Now, at the onset of overlapping the position of the heat source in the x-direction at

time t; should be 2R as given in Eq. 3.17

x(t;) = 2R 3.17
xo + Sty — R(1 — cos(2nft;)) = 2R 3.18

Putting t; = % in Eg. 3.18
Which gives, S = 4Rf 3.19

Eq. 3.19 gives the condition for the onset of the overlapping. Welding speed greater
than this value will have no overlapping points. The term 2zRf denotes the circular
motion of the oscillating heat source and S denotes the welding speed of the heat
source in the welding direction. A higher value of (2zRf/S) implies that the circular
motion is more dominant compared to the linear forward motion of non-oscillation
welding, leading to more overlapping as shown in Figure 3.9 (b) and (c). A lower value
implies forward motion is dominantly leading to either no overlapping or few
overlaps. The number of overlapping points is estimated graphically in terms of
welding speed, the radius of oscillation and frequency of oscillation due to the
complexity of equations. The graphical solution comprises plotting and counting the
number of overlapping points in terms of process variables and finding the general

series as given in Table 3.4 . Using the general method of induction of S = (4/(2n+1))
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Rf and adding two more overlapping points for each cross-over. Graphical solutions

yield the number of overlapping points as a function of welding speed, radius of

oscillation and frequency of oscillation which is given in Table 3.4 .
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Figure 3.9 Trajectory of the oscillating laser beam for no overlap S > 4Rf (left),
overlapping at a lower frequency of oscillation when S < 4Rf (middle); and
overlapping at a high frequency of oscillation when S << 4Rf (right).

Table 3.4 Number of overlapping points with the corresponding mathematical
condition for the radius of oscillation (R), frequency of oscillation (f) and welding
speed (S).

Number of overlapping points Condition
0 S > 4Rf
2 4
4Rf >S5 > §Rf
4 S =-Rf
6 4R >8> 4R
3 f 5 f
4n 4
= R
2n+1 f
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4n+2

Rf>S>

Rf

2n+1 2n+3

3.4.3.1 Effect of frequency of oscillation

There are two opposing factors governing heat uptake during oscillating heat source:
(i) decrease in heat input per unit length due to increase in effective speed (S + 2zRf)
i.e., linear plus circumferential speed and, (i) increase in heat input due to increase in
the number of overlapping points. Figure 3.10 (a) shows the contour plot between the
frequency of oscillation f, the ratio of circumferential to linear forward speed (2zRf/S)
and the heat input per unit length considering overlapping points. The heat input per

unit length (in one revolution) is given as:

ﬁ 3.20

E=n(T) 7

Where P is the power of the heat source, n is the number of overlapping points, | is the
distance travelled by the heat source in one revolution defined in Eq. 3.21, 7 is the
absorption coefficient of material and f is the frequency which is also equal to the time
taken for one revolution to take place. This is to note that the EQ.3.20 is a
representative that with the increase in the number intersection the heat input increases
which is equivalent to the number of intersections. As there is not possible to have
relationship mathematically due to the complexity of problem, this is used to represent
as a approximation to show the hypothesis that this intersection leads to an increase in
the heat input which balances the decrease in heat input as the interaction time

decreases leading to a decrease in heat input due to increase in oscillation frequency.
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l = fl/f 2\/1}2 + (2nRf)? + (47‘[Rfvsin(2nft))dt 32l
0

For a constant (2zRf/S), heat input remains constant with the increase in f. It can be
inferred from the plot that at a constant value of the (2zRf/S), heat input remains
constant with the increase in the frequency of oscillation. This illustrates that the range
of frequency, welding speed and radius of oscillation investigated in this study shows
that the frequency has a negligible effect on the heat uptake during welding. At a
constant frequency, with an increase in the value of (2zRf/S) heat input increases. In
this case, the increase in heat input is due to the increase in overlapping points as R
increases or decreases in S which leads to an increase in heat input per unit length.
This explicit solution is supported by the transient heat transfer simulations as shown
in Figure 3.10. Figure 3.10 (b) and (c) present the simulated peak temperature for
various combinations of frequency, welding speed, and heat source power. It is
apparent that the frequency of oscillation has a negligible effect on the peak
temperature in both cases. This is indicated by the contour lines running parallel to the
y-axis, suggesting that changes in frequency do not significantly impact the peak
temperature. Similar trends are found for the cooling rate and HAZ volume. With an
increase in oscillation frequency, the number of overlapping points for every rotation
will increase which leads to re-heating and also the effective speed of the heat source
increases as it has to rotate more times in the same amount of time. This re-heating
should lead to a rise in temperature, but it is compensated by a decrease in heat energy
absorbed per unit length due to the increase in the actual speed of the heat source. The
increase in the actual distance travelled by the heat source with an increase in f is

demonstrated in Figure 3.9.
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Figure 3.10 Heat input per unit length with varying frequency and ratio of circular
speed and linear forward speed (welding speed) (a). Figure (b) shows the parametric
contour maps for peak temperature depending on the frequency of oscillation and
welding speed at a constant power of 3500 W and figure (c) shows the parametric
contour maps for peak temperature depending on the frequency of oscillation and heat
source power at a constant welding speed of 2500 mm/min. The oscillation radius R
was kept constant at 0.3 mm. The parametric contour maps are developed for the
joining of Al-5xxx with the Al-6xxx alloy system for butt welding configuration.

3.4.3.2 Effect of the radius of oscillation

To examine the effect of the radius of oscillation during laser welding, two types of
parametric contour maps are generated: (i) contour maps of IPIs between the radius of
oscillation and heat source power at a constant welding speed and frequency of
oscillation; and (ii) contour maps of IPIs between the radius of oscillation and the

welding speed at a constant heat source power and frequency of oscillation.
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Figure 3.11 Parametric contour maps for heat source power vs radius of oscillation at
a constant welding speed of 2500 mm/min, frequency of oscillation of 200 Hz, and
spot radius of 0.2 mm. Figure (a) contour maps for peak temperature, (b) contour maps
for HAZ volume, and (c) contour maps for cooling rate. The parametric contour maps
are developed for the joining of Al-5xxx with Al-6xxx alloy system for butt welding
configuration.
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Figure 3.11 shows the simulated parametric contour maps of the peak temperature,
HAZ volume and the cooling rate for different combinations of the radius of oscillation
and heat source power at a constant welding speed of 2500 mm/min and frequency of
200 Hz. As shown in Figure 3.11 (a), at a constant power with an increase in the radius
of oscillation, the peak temperature decreases as the effective heat source speed
increases which results in a decrease in the heat input per unit length. However, for
the HAZ volume, it depends on the relative length of the heat source spot radius (r),
which is 0.2 mm in this study and the radius of oscillation. When R <r, the HAZ
volume remains constant with the increase in R as it is equivalent to the situation with
a heat source having a larger spot radius. So, an increase in the width of HAZ is
compensated by the decrease in depth leading to constant HAZ volume. When R > r,
there is a sharp decrease in HAZ volume when R is just above r which is depicted in
Figure 3.11 (b) at R = 0.3 mm. With an increase in R, HAZ volume increases until it
reaches R = 3r. This is due to the delay in the cooling process due to repeated heating.
Though the maximum value of HAZ volume is still smaller than for R <r. When R >
3r, the heat input rate decreases leading to quick removal of heat which decreases the
HAZ volume. So, it can be concluded that HAZ volume decreases with the application
of heat source oscillation as in practical cases R > 2r. Similarly, the cooling rate
remains constant when R <r, there is a sharp increment when R > r which is shown in
Figure 3.11 (c) at R = 0.3 mm. It again decreases with an increase in R till R = 3r.
When R is further increased it decreases due to the decrease in heat input rate as the
velocity of the heat source increases. At constant power, the lowest cooling rate is
found when R <. So, the cooling rate increases when beam oscillation is applied (as
for practical cases R > 2r). This is due to the decrease in the peak temperature due to

the application of beam oscillation which reduces the net heat content and thus requires
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less time to cool the material which increases the cooling rate. In this study, the cooling
rate is calculated as the difference of temperature from melting point to 470 K upon
the time taken to the drop of temperature. At a constant welding speed and laser power,
the heat accumulation decreases due to a decrease in heat input per unit length. This
leads to a decrease in the cooling time required and hence increases the cooling rate.
In some of the cases at a very large radius of oscillation, the peak temperature
decreases below the melting point which leads to a decrease in temperature difference
and also the cooling time which leads to a very high cooling rate. A resonance effect
is found for the HAZ volume and cooling rate which is a function of oscillation radius

and heat source spot size.

Figure 3.12 shows the simulated parametric contour maps of the peak temperature,
HAZ volume and cooling rate for different combinations of the radius of oscillation
and welding speed at a constant heat source power of 4000 W and frequency of 200
Hz. The generated parametric contour maps (Figure 3.12) show similar trends as in
Figure 3.11, but the maxima and minima are exchanged from right to left as both
welding speed and heat source power are related to heat uptake. An increase in heat
source power is like a decrease in welding speed leading to an increase in heat input

per unit length. This effect is also depicted in Figure 3.10 (b) and (c).
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Figure 3.12 Parametric contour map for the radius of oscillation vs welding speed at a
constant power of 4000 W and frequency of oscillation of 200 Hz. Figure (a) shows a
contour map for peak temperature, (b) shows HAZ volume, and (c) shows for cooling
rate. The parametric contour maps are developed for the joining of Al-5xxx with the
Al-6xxx alloy system for butt welding configuration.

The parametric contour maps are discussed above depicts the influence of two
Welding Process Parameters (WPPs) on Intermediate Performance Indicators (IPIs).
However, it is challenging to visualise how the change in one parameter influence the
IPIs. To facilitate a clearer visualization of how each parameter individually impacts
the IPIs, a response profiler was constructed based on the data derived from FEM heat
transfer simulations. Figure 3.13 presents the response profiler for IPIs under
oscillation and no oscillation conditions, with central values set at Power = 3500 W,
welding speed = 2000 mm/min, and R = 0 mm for no oscillation and R = 0.3 mm for
beam oscillation conditions. The response profiler is developed for welding speed,
laser power and radius of oscillation as frequency of oscillation have no effect on the

IPIs studied as discussed in section 3.4.3.1.

As shown in Figure 3.13 (a), (b), (d), and (f), it is evident that peak temperature and
Heat-Affected Zone (HAZ) volume are consistently lower when beam oscillation is
applied to the same WPPs. The peak temperature diminishes nonlinearly with
increasing welding speed, as indicated in Figure 3.13 (a), due to the reduced
interaction time between the heat source and the workpiece. Figure 3.13 (b) reveals a
linear increment in peak temperature with an increase in laser power. This is
essentially due to delivering more energy per unit time to the workpiece. This increase
in energy input raises the temperature of the materials being welded, causing them to
reach a higher peak temperature. Figure 3.13 (c) shows the influence of radius of
oscillation on the peak temperature, the peak temperature decreases with an increase
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in radius of oscillation. This occurs because during oscillation welding, laser beam

traverses over a larger area, reducing the heat input per unit length.

An increase in welding speed leads to a decrease in HAZ volume, as depicted in Figure
3.13 (d). When the welding speed is increased, the laser beam spends less time in
contact with any spot on the workpiece. This means that the total heat input into the
material is reduced because the energy from the laser beam is distributed over a
smaller region. Lower heat input results in less heat being conducted into the
surrounding material, leading to a smaller HAZ volume. Conversely, increasing power
results in a larger HAZ volume, as demonstrated in Figure 3.13 (e), as more energy is
available to melt the materials. Laser power represents the amount of energy delivered
to the workpiece per unit time. An increase in the laser power leads to providing more
energy to the material. This higher energy input causes a greater amount of material
to be heated to elevated temperatures, contributing to a larger HAZ volume. HAZ
volume, as seen in Figure 3.13 (f), displays a cyclic effect in response to changes in
oscillation radius, as two opposing phenomena come into play. A larger oscillation
radius distributes heat over a broader area, decreasing heat input and leading to
shallower penetration, hence a decrease in HAZ volume. However, it also widens the

melt pool, increasing HAZ volume.

The cooling rate is consistently higher for beam oscillation condition for varying
welding speeds at a constant power, as illustrated in Figure 3.13 (g). Beam oscillation
involves moving the laser beam laterally during welding, which effectively interrupts
the continuous heat input to the material. The intermittent exposure to the laser beam
allows the material to cool more rapidly between heating cycles. In contrast, in a no
oscillation condition, the material is continuously subjected to the laser beam's energy,
resulting in a more prolonged period of heating and slower cooling. Conversely, for
varying power at a constant welding speed, the cooling rate under beam oscillation

conditions may exhibit fluctuations, as demonstrated in Figure 3.13 (h).

Figure 3.13 (i) shows that beam oscillation induces a cyclic effect on the cooling rate
with an increase in oscillation radius, with the outcome depending on various factors.
Beam oscillation involves moving the laser beam laterally or in a specific pattern,

which results in an intermittent or cyclical application of heat to the material. During
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each oscillation, the material is heated as the laser beam is in contact, and when the
beam moves away, the heat input ceases. This intermittent nature of heat input leads
to variations in temperature, creating a cyclical pattern in the material's thermal
history. This phenomenon is attributed to the distribution of heat over a larger area,
which affects heat input and consequently influences the welding process. The
intermittent nature of beam oscillation allows the material to be periodically exposed
to cooling mechanisms, such as air, during the brief intervals when the laser beam is
not in contact. These cooling mechanisms operate more effectively during these
periods, which contributes to rapid cooling. The cyclical heating and cooling pattern
can result in cyclic temperature fluctuations within the material. During the "off" phase
of the oscillation, the material cools down, and during the "on" phase, it is reheated.
This cyclic temperature variation is responsible for the observed cyclic effect on the
cooling rate. These factors lead to a cyclic behaviour of HAZ volume and cooling rate

with an increase in the radius of oscillation.
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Figure 3.13 Response profiler for the peak temperature (a-c), HAZ Volume (d-f) and
cooling rate (g-i) for both the no oscillation and beam oscillation conditions to depict
the relationship between the welding process parameters and the thermal responses,
and to depict the linear/non-linear dependency between them. The centre values are
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Power = 3500W, Speed = 2000 mm/min and R = 0 for no oscillation and R=0.3 for

beam oscillation condition

3.4.4 Process parameters selection using process capability space framework

3.4.4.1 Process capability space framework

The input welding process parameters (WPPs) considered in this study are
welding speed (S), heat source power (P), the radius of oscillation (R) and frequency
of oscillation (f). The four WPPs (S, P, R, f) are defined in Eq. 3.22, where i represents
the index of WPP, and n represents the total number of WPPs.

WPPs = {WPP,,WPP,, ..., WPP,} 3.22

The quality performance of laser welding is governed by the IPIs and KPIs and are
formulated in Eq. 3.23-3.26, where j represents the index of IPI and KPI, m represents
the total number of IPIs, | represents the total number of KPIs and g represents the

MIMO-model.

IPI = {IPI,IPL,, ..., IPI .} 3.23

KPI = {KPI,,KPI,, ...,KPI;} 3.24

IPI; = g(WPP,,WPP,,WPP;, ..., WPF,) 3.25
KPI; = g(WPP,,WPP,,WPP;, ...,WPP,) 3.26

The upper limits (UL) and lower limits (LL) of WPPs have been determined by
considering technological constraints based on the physical experimental studies
present in the literature. The combination of all possible WPPs within the permitted
limits defines the parameters space (wo). The parameters space is represented in the
form of parametric contour maps where the x and y-axis show the variation of two
different WPPs and the coloured contour surface shows the derived values of IPIs and

KPIs. If the estimated IPI or KPI violates the allowance limits, WPPs are considered
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unfeasible. For the j" IPI and KPI, process capability space is defined as expressed in
Eq. 3.27-3.28, where k is the index of the individual Cp-Space and m is the total

number of IPIs and | is the total number of KPIs

a; = { IP]; if IPI'* < f(WPPy,....,WPR,) < IPI* 3.27

B; = { KPI; if KPI'* < f(WPP,,....,WPR,)) < KPI/* 3.28

The definition of process capability space from the parameters space is demonstrated
for no oscillation welding based on the weld thermal cycle calculated in Section 3.2-
3.4. Three IPIs derived from the 3D transient temperature distribution calculated using
the heat transfer model are (i) peak temperature (Tpeak), (ii) heat-affected zone volume
(VHaz) and (iii) cooling rate (Crate). The upper and lower limits of the WPPs and IPIs
are given in Table 3.5 and Table 3.6 respectively. The upper limit of the Tpeak (Tpeak"")
is 3500 K as at this temperature, the temperature at the bottom surface is at the melting
point of the material which shows that it is full penetration welding. The lower limit
of the Tpeak (Tpeak™") is the melting point of the material. As different combinations of
process parameters yield the same Tpeak but have different Crate and Vuaz. To select the
lower and upper limits of the Crate, the Crate is maximised for those combinations which
yield the Tpeak"" and Tpeak"" respectively. So, the maximum value of Crate at the Tpeak™
is the lower limit of cooling rate (Crae™"). Similarly, for the upper limit of cooling rate
(Crae") maximum value of Crare is selected at Tpeak”™ This is because a higher cooling
rate promotes fine grain formation. In the case of selecting lower and upper limits of
Vhaz, the minimum value of Vuaz is selected for the combinations which provide
Tpeak™" and Tpeakt respectively. So, the minimum value of Viaz at the Tpea™" is the
lower limit of cooling rate (Vnaztt) and similarly for the upper limit of Viaz (Viaz"b).

This is because Vuaz should be minimum for better welded joint performance.
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Table 3.5 Welding process parameters

parameter space.

and their allowance limits for defining

Welding Process Parameters (WPPs) WPPL- WPPUL
Speed S (mm mint) 1000 6000
Power P (W) 1000 6000
Radius of oscillation R (mm) 0 1.2
Frequency f (Hz) 0 1000
Table 3.6 IPIs and their allowance limits for defining Cp-Space.
Intermediate Performance Indicators IPIL- IPIVt
(IPI1s)
Peak temperature Tpeak (K) 933 3500

Cooling rate Crae (K min)

Maximum Crae at LL of

Maximum Crae at UL of

Parametric contour maps of
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Figure 3.14 Process capability space (Cp-Space) for no oscillation condition (where R
=0 mm and f = 0 Hz). The top row shows the process capability spaces (at each step
with an intersection with IP1s) and the bottom row shows the parametric contour maps
of each IPIs with the allowance limit.
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Figure 3.14 demonstrates the definition of the final process capability space from the
parameters space (Figure 3.14 (a)) based on the intersection of the individual process
capability space of each IPIs. The shaded area in yellow represents the feasible region
and any process parameters inside this region satisfy all the requirements. The final
process capability space (wm) is the intersection of process capability space of
individual IPI (¢;) and (wj-1) as defined in Eq. 3.29-3.30 and illustrated in Figure 3.14,
where the final image in the upper row (Figure 3.14 (d)) is the intersection of all

individual process capability spaces (wj) based on the allowable limits of all the IPIs.

w; = w,-_lﬂa,- 3.29
m 3.30

Wy = (l)m_lﬂaj

j=1

The final process capability space wm envelops all the feasible WPPs values inside the
parameters space wo. The parameters space is limited by the technical feasibility of
the process and therefore by the upper and lower limits of the WPPs. Similarly, if the
requirements have multiple IPIs and KPIs, the final process capability space (wm+)
will be the intersection of the process capability space of individual IP1 (¢;), KPI (5;)

and (wj-1) and the modified equation is given below:

3.31

m l
Wmt1 = wm—lﬂaj ﬂﬁk
j k=1

J=1

The process capability space shows the feasible space for the two WPPs at a time for
any number of IPIs and KPIs. If the third WPP is added to the system giving a 3D

process capability space, where X, y, and z axes are the three WPPs. The visualisation
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of 3D process capability space is limited by the visibility of the plot. This can be
improved by stacking up 2D contour plots in the xy plane with a constant value for the
third process parameter. This represents the influence of the third process parameter
on the process capability space. An increase in process capability space suggests that
the process parameter provides more flexibility to the whole process and a decrease in
the process capability space suggests that the process parameter makes the whole
process more constrained. For example, three WPPs considered in this illustration are
welding speed, laser power and radius of oscillation for laser butt welding based on
the heat transfer model. The generated stack-up of contour maps to represent 3D
process capability space is shown in Figure 3.16. From Figure 3.15 shows the process
capability space for three process parameters to show the 3D response surface as a
stacked-up 2D contour map. The z-axis for the 3D response surface is the radius of
oscillation which is varied at (a) R = 0 mm, (b) R = 0.15 mm, (c) R =0.30 mm, (d) R
=0.45mm, (e) R =0.60 mm and (f) R = 0.75 mm in the 2D contour maps at a constant
frequency of 300 Hz., the size of the process capability space increases and is
applicable for broader process parameter ranges with an increasing radius of
oscillation. This demonstrates the increase in flexibility of the laser welding process
due to the application of beam oscillation. The upper limit of the allowed peak
temperature ceases to exist at the highest radius of oscillation as shown in Figure 10(f).
For the same combination of welding speed and heat source power, the peak
temperature decreases though the net heat input to the workpiece is the same when
compared to the non-oscillating heat source. To attain the same peak temperature, an
oscillating heat source requires more heat input as compared to a non-oscillating

condition which is shown in Figure 3.16 (a) and (b).
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Figure 3.15 shows the process capability space for three process parameters to show
the 3D response surface as a stacked-up 2D contour map. The z-axis for the 3D
response surface is the radius of oscillation which is varied at (&) R =0 mm, (b) R =
0.15mm, (c) R=0.30 mm, (d) R=0.45mm, (¢) R=0.60 mmand (f) R =0.75 mm in
the 2D contour maps at a constant frequency of 300 Hz.

3.4.4.2 Process capability space refinement strategies

The next objective of this study is the refinement of Process capability space (Cp-
Space) depending on the requirements of the downstream processes to further reduce
the number of welding trials during the early design phase. It is important to note down
that the methodology for process parameters refinement provided in this study is for
the early design phase and process assessment. The process parameters refinement is
performed on the wm. In this work, sequential refinement strategies are developed
based on three requirements of welding manufacturers which are defined as boundary
constraints. The first constraint set is related to the IPIs and KPIs constraints which

address the proper coalescence of metals produced by heating to a suitable temperature
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such that enough molten metal is formed to have proper fusion. This is assessed by the
IPIs and KPIs such as temperature profile, fusion zone dimension, fusion zone shape
and mode of welding. The second requirements set is related to the overall design
objective function which addresses the functional and strength requirements to control
weld defects and strength of the weld. This is depending upon HAZ volume and
cooling rate. The third constraint set is related to being able to address the key
application requirements such as high production rate, low cost, and/or additional
welding requirements, i.e., aesthetic requirements of welded joints. This includes the
weld process parameters like higher welding speed (ensure high productivity), lower
laser power (low operational cost), and single or multi-pass weld (operational cost and
productivity). Sequential refinement strategies for a few of the downstream processes
based on the heat transfer model are given in Table 3.7 in order of their hierarchy. This
table is to illustrate the process capability space refinement strategies. Welding can be
considered as a combination of two processes: the first one is the melting and
evaporation of the workpiece to have a fusion and the other is the heat treatment of the
workpiece. Both processes are governed by the transport phenomena during welding.

Proper control over them can improve weld properties and reduce weld defects.
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Table 3.7 Proposed multiple strategies for process capability space (Cp-Space)
refinement for various downstream processes and requirements.

Target IPIs constraints Objective Welding Process Remarks
downstream function parameters (WPPs)
processes constraints
requirements
Improving Toeak” >Tpeak™ Tpeak™ | Min (Vhaz), WPP;tt <WPP; < WPP;Ut Fine grains
mechanical unifofrorrr:IT;/aSiZ:’ersed
properties max (Crate) Vi={l,...Ni} dendrites (when
R>0)
max(S), min(P),
R>0
Reducing TpeakULz TpeaszpeakLL max (Crate), WPPiLL SWPP| S WPPiUL Reduces diffusion

segregation and
intermetallics
formation

Reducing Porosity

Partial penetration

TpeakULE Tpeak szeakLL

TpeakuL ETpeak > pr

min (VHAz)
Stirring using

beam
oscillation

Stirring using
beam
oscillation

max (Cras),

min (VHAz)

min (Vuaz),

max (Crate)

Vi={1,...,Ni}
max(S), min(P)

R>0

R>0

WPP- <WPP; < WPP{U-

Vi={1,...,Ni}

max(S), min(P)

WPPLL<WPP<WPP;U-

max(S), min(P)

and improves mixing

Mechanical stirring
by beam oscillation
helps in escaping
trapped gasses
reducing porosity

Partial  penetration
requires peak
temperature  above
the melting point and
lower than  full
penetration welding

Process capability space refinement is illustrated by using the example of

improving mechanical properties for full penetration welding in keyhole mode. In this

example, the final process capability space is chosen for no oscillation condition which

is illustrated in Figure 3.16 (a). The region above the feasible region (marked in
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yellow) corresponds to the cutting or over-weld region. The region below the yellow-
coloured region depicts the under-weld region where due to insufficient penetration
leads to a poor coalition of the materials. The region at the bottom is no welding
region/ preheating as the peak temperature is below the melting point of the material.
The first step for process capability space refinement is to select the proper peak
temperature thus satisfying IPIs constraints as given in Table 3.7. The peak
temperature should be between the boiling point of the metal and 3500 K for the
keyhole mode of welding as shown by the yellow-coloured region in Figure 3.16 (b).
The region just below the yellow-coloured region (in between the red and black lines)
represents the region of the conduction mode of welding. In the second step, the WPPs
combinations are narrowed down based on the objective functions (Table 3.7) which
are minimising HAZ volume and maximising cooling rate. The narrowed down
process capability space based on the objective function is shown in Figure 3.16 (c).
In the final step, those WPPs combinations are selected from the refined space which
has faster welding speed and lower heat source power (WPPs constraints as given in
Table 3.7). For a special case of full penetration keyhole welding, the peak temperature
should be 3500 K, so the refined process capability space will be just a line as shown
in Figure 3.16 (d). Therefore, the final refined process capability space has full
penetration welding with the lowest HAZ volume, highest cooling rate, highest
welding speed, and lowest power. The robust process parameters can be selected from
the refined process capability space having estimates about the quality of the weld
from the IPIs without prior experimental characterization and mechanical testing. This

approach reduces the number of experiments required.
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Figure 3.16 (a) Final process capability space for welding having cutting/over-welding
region, welding region, under-welding region and no-welding/pre-heating region (b)
Process capability space refinement based on IPIs constraints i.e. 3500 K > Tpeak >
Tbp having cutting/over-welding region, keyhole mode welding region, conduction
mode welding region and under-welding region; (c) Process capability space
refinement based on the objective functions i.e. minimising HAZ volume and
maximising cooling rate and (d) Final refined process capability space for full
penetration welding. The temperature of 3500 K shows the estimated peak temperature
for full penetration welding.

3.5 Conclusions

This chapter presents a novel methodology for the process capability space
refinement for the laser welding process with and without beam oscillation. During
this research, a FEM-based heat transfer model has been developed to simulate the
intermediate performance indicators (IPIs) peak temperature, heat affected zone
volume and cooling rate. The process capability space has been depicted by using
parametric contour maps. The main conclusions are as follows:

— There is a good agreement between the FEM model and the experiments both in

terms of the transient temperature profile and the weld width calculated on the top
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surface (a key performance indicator). The model is validated for both no
oscillation conditions (having a highest error of -6% which means underestimating
the experimental value) and for beam oscillation (having a maximum error of 4.5%
which means overestimating the experimental value). The effect of convection
should be more dominant in the case of beam oscillation; therefore, it
overestimates the experimental results as compared to the no oscillation condition.
At a radius of oscillation greater than 0.65 mm, the peak temperature drops below
the threshold for full penetration welding. This shows that the radius of oscillation
can be increased up to a critical limit, depending upon the peak temperature to
achieve full penetration welding.

The application of beam oscillation leads to a decrease in the peak temperature and
HAZ volume for the same net heat input to the workpiece due to the decrease in
heat input per unit length.

The cooling rate and HAZ volume vary cyclically with the change in the radius of
oscillation and depend upon the ratio of the radius of oscillation (R) and heat
source spot radius (r). For the practical range of use of beam oscillation (where R/r
> 2) HAZ volume decreases and cooling rate increases.

The area of the final process capability space increases with the application of
beam oscillation. This increase in area exhibits the increase in flexibilities due to
the application of beam oscillation as the process will be more robust due to larger

acceptable regions and smaller fall out areas.
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Chapter 4. Numerical simulation of fluid flow behaviour and
effect of beam oscillation on the solidification parameters
and grain morphology in remote laser welding of high
strength aluminium alloys?

4.1 Introduction

This chapter proposes the effect of process parameters on the fluid flow which affects
the weld pool morphology and solidification characteristics. The previous studies have
suggested that the fusion zone geometry (i.e., weld depth, weld width, overall weld
shape) in conjunction with microstructural weld attributes (i.e., cooling rate, thermal
gradient) governs the weld quality and properties [128,158,261]. Fusion zone
geometry and solidification behaviour are determined by the history of temperature
distribution and the history of melt pool development. These characteristics have an
important causal relationship with transport phenomena (heat transfer and fluid flow)
during welding [239,262,263]. Numerical simulations of transport phenomena during
laser welding can be used to calculate the weld thermal cycle, flow profile, weld pool
geometry and solidification behaviour [264,265]. These numerical calculations have

enabled us to gain detailed insights into the physical processes that occur in a weld

2 The details in this chapter have been published as:

A Mohan, D. Ceglarek, M. Auinger, Effect of beam oscillation on the fluid flow during laser welding,
Mater. Today Proc. 59 (2022) 1846-1851. DOI: https://doi.org/10.1016/j.matpr.2022.04.435.

A Mohan, Dariusz Ceglarek, Pasquale Franciosa, Michael Auinger, Numerical study of beam
oscillation and its effect on the solidification parameters and grain morphology in remote laser welding
of aluminium, Science and Technology of welding and joining. (Accepted).

A Mohan, Pasquale Franciosa, Dariusz Ceglarek, Michael Auinger, Numerical simulation of transport
phenomena and its effect on the weld profile and solute distribution during laser welding of dissimilar
aluminium alloys with and without beam oscillation. Int J Adv Manuf Technol (Accepted and under
production)
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pool to assess and improve the laser welding process. A thorough understanding of the
geometrical weld parameters and molten pool behaviour is critical to use beam
oscillation for improving the performance of the welded joints with fewer defects.
Several models have been proposed to develop the relationship between heat transfer,
fluid flow and the weld profile [264-266]. AIMg-Si are well known for their
susceptibility to hot cracking and solidification behaviour and grain morphology has
a major influence on the hot cracking susceptibility [22-25]. Equiaxed grains have
less susceptibility to hot cracking as compared to the oriented grain like columnar
grains due to an increase in grain boundaries as it leads to the distribution of
thermomechanical loads across the increased grain boundaries. So, understanding the
effect of process parameters on the solidification behaviour and grain morphology of
the weld is important. The effect of various process parameters on the weld thermal
cycle via parametric contour maps has been discussed in chapter 3 where the
relationships are solely based on the effect of temperature as no convection is

considered.

In this chapter, circular and sinusoidal beam oscillation pattern has been investigated.
A base model has been developed to analyse the effect of circular beam oscillation on
the fluid flow during the RLW process. The influence of beam oscillation, however,
is important and can be understood when the heat input per unit length is kept constant
for each oscillation frequency. A change in heat input would alter the thermal as well
as flow behaviour, which makes it difficult to understand the effect of beam oscillation
in its entirety. A three-dimensional heat transfer and fluid flow model is developed for
Al-5xxx to investigate temperature distributions and fluid flow behaviour during laser

butt welding with and without beam oscillation. This study will investigate the effect
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of beam oscillation on the thermal and fluid flow regimes considering the effects of
natural convection, gravity, surface tension and forced convection. The developed
model is validated using experimental results, reported in the literature based on the
weld pool morphologies [267]. The reliability of the developed model is analysed,
based on the dimensionless numbers for flow and heat transport. These numbers also
provide information to analyse the effect of driving forces such as surface tension and

buoyancy force during laser welding.

In the next step, the developed model is translated to investigate the sinusoidal beam
oscillation pattern. The different combinations of the hybrid heat source models have
been simulated and modified to best predict the fusion zone shape and dimensions.
The effect of process parameters on the weld profile, fluid flow profile, vorticity
profile, solidification behaviour, grain morphology and mechanical strength is
developed. The developed model is validated with the corresponding experimental
measurements using weld profile from the optical micrographs, and weld pool top
surface morphology from the high-speed camera. All the studies related to
investigating the effect of process parameters on the weld profile, solidification
behaviour, grain morphology and mechanical strength are performed for sinusoidal
and no oscillation conditions due to the constraints of the available experimental setup
of RLW to carry out the study. New KPIs/IPIs are defined based on the heat transfer
and fluid flow model based on the sequential modelling approach to refine the process
capability space defined in this chapter to survey the parameters space for the selection

of robust process parameters.
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4.2 Effect of circular beam oscillation on fluid flow

4.2.1 Modelling strategy

4.2.1.1 Assumptions

A three-dimensional heat transfer and fluid flow model has been developed using a
hybrid volumetric heat source. A three-dimensional Cartesian coordinate system is
used where the positive x-axis direction is the welding direction, the y-axis is the weld
cross-section direction and the z-axis is the weld penetration direction. The motion of
the heat source during beam oscillation is composed of two parts in the x-y plane, one
Is a circular motion and the other is a linear forward motion in the welding direction.
The overall trajectory of the heat source is typically a spiral. The following
assumptions were made during the development of the numerical model: (a) the fluid
is considered incompressible and the flow is laminar (as the typical range of Reynolds
Number is 300-400 in this study); (b) to decrease the computational time, the model
was simplified and keyhole dynamics are not considered but instead a volumetric heat
source model is used to replicate the keyhole which is a common practice as described
in [268]; (c) no vapour and plasma flow is simulated in the model; (d) the effect of
shielding gas on the heat transfer and fluid flow is ignored, and (e) the laser beam is

assumed perpendicular to the surface of the workpiece.

4.2.1.2 Governing Equations for fluid flow and boundary conditions

A three-dimensional model based on the finite element method (FEM), was developed

using COMSOL Multiphysics. To determine velocity fields, a transient fluid flow
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model was developed based on the solution of the equations of conservation of mass

and momentum as given in Eq. (4.1-4.2) [267].

V.(w) =0 4.1

d 4.2
p% = —pV.(uu) —VP + V.n(Vu) + F

where u is the velocity vector, p is the fluid density P is the static pressure, # is the
dynamic viscosity of the fluid and F is the force term which is defined in Eq. 4.3. The
first term in Eq. 4.3 is according to the Carman-Kozeny equation for flow through a
porous media [239] representing the frictional dissipation which ensures a smooth
transition of velocity from zero to a large value in the mushy zone. The second term

on the right-hand side of Eq. 4.3 accounts for natural convection.

(1-£f)? 4.3

F=¢C (‘ W) u+ pgB(T — Theiting)
where B is a merely computational constant, a very small positive number to avoid
division by zero is set at 0.001 and C is a mushy zone constant related to the
morphology of the porous media which is a large number (a value of 1.6 x 10* was
used in the present study) to force velocity of the solid zone to be zero and represents
mushy zone morphology, g is the coefficient of volume expansion, g is the acceleration
due to gravity, Tmeiting IS the melting temperature which is average of solidus and
liquidus temperature and fi is the fraction of liquid which is defined in Eq. 2.20. Flow
condition for the free liquid surface due to the surface tension gradient is given by Eq.
2.21 which states that the temperature gradient is proportional to shear stress on the

surface.
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4.2.1.3 Governing equations for heat transfer and boundary conditions

To determine temperature fields, a transient heat transfer model was developed based
on the solution of the equation of conservation of energy formulated as [267].

aT 4.4
pCp ot + pCpu. VT = V.(AVT) + Qiaser + Quap

heat transfer by convection

where Cp is the specific heat capacity of the material, T is the temperature of the
workpiece, t is the time, 4 is the thermal conductivity of the material, Qjaser IS the
energy input of the laser heat source per unit volume and Qvap is the energy loss by
evaporation. The second term on the left-hand side (underlined) of Eq. 4.4 is the
convection term which represents the energy change due to the flow of fluid which is
added as a term compared to energy conservation Eq. 3.1 defined in Chapter 3 section
3.2.3. The phase changes are considered to include temperature change due to latent
heat by using the apparent heat capacity method as shown in Eq. 3.2 in section 3.2.3.
A three-dimensional volumetric heat source with origin (Xo,yo,20) is defined by a
Gaussian distribution as given in section 3.2.4. The initial temperature of the
workpiece is assumed to be maintained at room temperature (To). At the top surface,
the heat loss due to convection, radiation and evaporation is governed by Newton‘s

law of cooling and Stefan-Boltzman as follows in Eg. 2.15-2.16

4.2.1.4 The relative importance of driving forces from dimensionless numbers

The relative importance of heat transfer by conduction and convection in the weld pool

is estimated using the Peclet number, Pe, which is defined as [267].

upCplp 4.5

Pe =
€ 2
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Where u is the characteristic fluid velocity, Lr is the characteristic length taken as the
pool radius at the top surface. When Pe < 1, the heat transfer in the molten weld pool
is primarily by conduction and Pe > 1, the primary mechanism of heat transfer is
convection. The relative importance of driving forces for fluid flow in the liquid melt
pool formed is estimated using the Marangoni number, Ma, and the Grashof number,
Gr. Gr is the ratio of buoyancy force to viscous force while Ma is the ratio of surface
tension gradient force to viscous force. The relative significance of the primary driving
forces during fluid flow can be determined by the ratio of these dimensionless numbers

as given in Eq. 4.6 [269]

d 46
Ma Lg |_]/|
p . _ Ma _ lLrigr
P Gr T gppLi

where Ly, is the characteristic length taken as one-eighth of the weld pool radius for
buoyancy. The numerical implementation of the numerical model in COMSOL

Multiphysics 5.6 is discussed in section 3.2.5.

4.2.2 Results and discussions

4.2.2.1 Materials and Geometry

A 3D cartesian coordinate system was adopted for the welding Al-5xxx alloy in the
butt-welding configuration. The thermo-physical of the Aluminium alloy is reported
in Table 4.1. The size of the entire simulation domain for a single plate is 50 mm x 25
mm % 2 mm and was divided into three sections with dimensions 50 mm x 22 mm X
2mm, 50 mm x 2 mm x 2 mm and 50 mm x 1 mm x 2 mm for better mesh distribution
near the weld centreline as shown in Figure 4.1 (a) Schematic illustrations of finite

element mesh size and mesh distribution were used for the simulations of a laser
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welding process The mesh size and distribution are modified from the previous chapter
to have better resolution of fluid flow as fluid flow requires a finer mesh size as
compared to the heat transfer model. The modified mesh distribution is shown in
Figure 4.1 (a) Schematic illustrations of finite element mesh size and mesh distribution
were used for the simulations of a laser welding process Tetragonal mesh is used with
a minimum mesh size of 0.1 mm, having a total number of 350639 mesh elements.
The mesh sensitivity analysis was performed for both the temperature and fluid flow
field over the global domain. The time step is selected based on the frequency of
oscillation such that it can map the effect of frequency on both temperature and fluid
flow field. The time step used in this study 1/(4f) to have at least 4-time instants in
each revolution of the oscillation. Compiled user-defined functions were introduced
for the calculation of the position of the heat source at a given time as a function of
welding speed, beam oscillation parameters (amplitude and frequency) and the

volumetric Gaussian heat source.
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Table 4.1 Thermo-physical properties of Aluminium 5xxx alloy used.

Viscosity

Heat capacity of solid phase

Heat capacity of liquid phase

Thermal conductivity of solid phase

Thermal conductivity of liquid phase

Solidus temperature

Liquidus temperature

Heat transfer coefficient

Emissivity of the metal

Surface tension

Surface tension gradient

Physical properties Value
Density of liquid 2380 kg/m?®
Density of solid 2660 kg/m?®

1.2 x 10 kg/m s

1150 J/kg K

1198 J/kg K

120 W/m K

90 W/m K

864 K

911 K

20 W/ m? K

0.3

0.871 N/m

-0.155 x 10° N/m K




0.02

-0.02
2 x1073

0.04

0.02

Figure 4.1 (a) Schematic illustrations of finite element mesh size and mesh distribution
were used for the simulations of a laser welding process, (b) smallest weld pool with
a mesh distribution and (c) largest weld pool with a mesh distribution

4.2.2.2 Model Validation

The model is validated using the experimental results from the literature [267]. The
top surface morphologies of the weld pool and the temperature distribution along the
weld centreline have been validated. The length of the melt pool formed is 4.6 mm as
shown in Figure 4.2 which is comparable to the experimental value of 4.2 mm as
measured by using a high-speed camera [267]. The temperature distribution manifests

the validity of the heat transfer numerical model and the weld pool morphology
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manifests the validity of the fluid flow numerical model. Both the weld pool

morphology and the temperature profile are in good agreement with the literature.
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Figure 4.2 (a) Weld pool morphologies, simulated from the numerical model. The
length of the simulated molten pool is 4.6 mm and 4.2 mm in the experiments [267],
(b) Comparison between the calculated and simulated temperature distribution along
the weld centreline. Welding parameters are Power (P;) = 2500 W and welding speed
(S) =80 mm/s.

4.2.2.3 No Oscillation Condition

Table 4.2 shows the welding process parameters, peak temperature, maximum
flow rate, weld dimensions, and the values of dimensionless numbers for both no
oscillation and beam oscillation welding. The laser power is kept constant at 4 kKW for
all cases. For no oscillation welding, peak temperature, width and length of the weld
pool and maximum flow rate decrease with an increase in welding speed. This is due
to the decrease in the heat input per unit length, described as (rP1)/V, which decreases
as given in Table 1. With an increase in welding speed, the net heat input to the
workpiece decreases and hence peak temperature decreases. But it was found that there
is a sharp decrease in the length and width of the weld pool as compared to the peak
temperature. This shows that the welding speed has more effect on the top surface
weld morphologies as compared to the peak temperature. This may be due to the high
thermal conductivity of Aluminium where heat is lost quicker at the boundary as

compared to the centre. Pe is calculated at the rear end of the keyhole in the liquid
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melt pool and on the weld centreline. It should be noted that Pe is a function of position
as it depends on u and Lr. It was found that Pe decreases with an increase in welding
speed which indicates that at lower welding speeds convection is more dominant. As
welding speed increases, the Pe number decreases to a lower value where conduction
becomes dominant. This can be attributed to the decrease in the size of the melt pool
region formed and the high thermal conductivity of Aluminium. The ratio of
Marangoni number to Grashof number Ry increases with the increase in welding
speed and is of the order of 10%-10* suggesting that the liquid flow is mainly driven by
Marangoni convection due to surface tension force. It was observed that Rem) is
maximum at the highest welding speed. This signifies that the effect of buoyancy force
decreases with an increase in welding speed. The thermal gradient along the fusion
zone boundary from the weld centreline increases with an increase in welding speed.

This is due to the decrease in the heat input per unit length and the weld width.

Table 4.2 Welding simulation values of peak temperature (Tpeak), weld width, length
of the weld, maximum flow rate (Umax), Peclet number (Pe), the ratio of Marangoni
number to Grashof number (Rsn), thermal gradient (G) and heat input per unit length.

S R f [ T | Weld | Length Unnax Pe | Rup G Heat
width | of weld input
(x10%)
(m/min) (mm) | (Hz) (K) | (mm) (mm) (mm/min) (K/mm) | (I/mm)
- 1 - - 4677 9.9 313 1350 35 6.4 694 144
2
= 2 - - | 4104 | 48 14.4 760 0.9 25 869 72
3
O
S 3 - - 3639 35 10.1 380 0.3 48 1235 48
1 0.3 600 | 3882 9.8 27.7 1710 43 6.5 506 35
ES
g = 1 0.6 300 3174 9.7 259 1450 3.7 6.2 577 35
g 1 0.9 200 | 2329 9.1 233 1110 2.6 75 410 35
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4.2.2.4 Beam Oscillation Condition

In beam oscillation welding, the heat source has two kinds of motions, circular
motion and linear forward motion in the welding direction. This naturally results in an
elliptical motion. The circular part of the motion is governed by the circumferential
velocity defined as 2zRf and linear forward motion by welding speed S. The net heat
input to the workpiece depends on the laser power (P1) and the welding speed (S) but
the heat input per unit length for the beam oscillation welding is defined as
(nP)/(S+2x=Rf). Because the actual speed of the oscillating laser beam is much higher
than in no oscillation laser welding, the laser beam traverses a longer distance in the
same amount of time due to additional oscillation. Hence, in the case of beam
oscillation, the heat input per unit length and total heat input are important to
understand while in the case of no oscillation, the total heat input is sufficient to
investigate the process. So, the process parameters chosen for beam oscillation
welding have an identical heat input per unit length. While comparing beam oscillation
with no oscillation welding total heat input is kept constant. Figure 4.3 shows the
calculated weld thermal cycle, weld morphology and velocity fields (along x-y, y-z,
and z-x planes) for three different cases of beam oscillation whose welding process
parameters are given in Table 4.2. Note that these parameters are selected to have a
constant circumferential velocity and constant heat input per unit length. As can be
seen from Figure 4.3 (e-h), the weld pool is elongated opposite to the welding
direction. A typical V-shaped melt contour is formed due to the latent heat of the solid-
liquid phase transition. The direction and magnitude of the fluid velocity are shown
by the length and colour of the arrows. Figure 4.3 (e-h) depicts the flow on the surface
points from the centre of the molten pool towards the outward periphery of the molten

pool. This is due to the negative temperature coefficient of surface tension dy/dt. The
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force of buoyancy acts in the upward direction. This makes the flow of fluid circulate
which can be seen in Figure 4.3 (i-I). Also, the flow speed is higher at the top surface
of the weld and reduces along the z-direction which is shown in Figure 4.3 (m-p). The
beam oscillation cases are compared with the no oscillation condition, having the same
laser power and welding speed such that the total heat input is constant, which is also
shown in Figure 4.3. The Pe number decreases from 4.3 to 3.7 to 2.6 with an increase
in R while Pe for no oscillation condition is 3.5, which shows that convection is again
the dominant mode of heat transfer in the weld pool. It is justifiable to use heat transfer
and fluid flow models for the analysis of beam oscillation in place of only heat transfer
as Pe is greater than one. It should be noted that Pe changes with the heat input. It
increases with the increase in heat input since the maximum velocity increases with
an increase in temperature [269]. It is evident from no oscillation conditions, that an
increase in welding speed leads to a decrease in the Pe number. An increase in welding
speed is associated with a decrease in heat input. Pe is higher for beam oscillation
welding as compared to no oscillation welding for the same welding speed and laser
power. This can be attributed to the incorporation of forced convection due to beam
oscillation. The ratio of the Marangoni number to Grashof number R is of the order
of 10° confirming that the flow is mainly driven by the surface tension force and to a
much lower extent by the buoyancy force. The peak temperature and weld dimensions
decrease from no oscillation welding to beam oscillation welding as shown in Figure
4.3 (a-d). This is due to the decrease in heat input per unit length. The weld thermal
cycle shows a different trend at a higher radius of oscillation. The two peaks in the
weld thermal cycle are because the same point gets heated up twice due to a larger
oscillation radius for a distance travelled by the heat source in the time between the

two peaks in Figure 4.3 is equivalent to 2R. At the longest radius of oscillation, the
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peak temperature is below the boiling point which suggests that there is no formation
of a keyhole. During beam oscillation welding, the peak flow rate decreases with the
increase in radius of oscillation (values given in Table 4.2). This can be attributed to
the decrease in the frequency of oscillation which leads to a decrease in the forced
convection due to beam oscillation. With the increase in radius of oscillation, the high-
speed flow area gradually increases as shown in Figure 4.3. The thermal gradient along

the fusion zone from the weld centreline decreases from no oscillation welding to

beam oscillation welding due to repeated heating and melting.

Figure 4.3 Calculated temperature (K) variation with time (top row Fig. (a-d)), velocity
fields (mm s) along x-y (top view Fig. (e-h)), y-z (front view Fig. (i-1)) and z-x (side
view Fig. (m-p)) planes for no oscillation welding having (a) P =4 kW, S = 1 m/min,
and for oscillation welding having constant P =4 kW, S =1 m/min, and varying other
parameters as (b) R = 0.3 mm, f =600 Hz (c) R =0.6 mm, f =300 Hz, (d) R =0.9
mm, f = 200 Hz. For the x-z plane, magnitude is shown using contour plots and the
direction of fluid motion using arrows. The flow rate is the absolute velocity
magnitude shown in the m min scale.

4.3 Weld morphology prediction based on fluid flow model for two

Aluminium alloys with consideration to sinusoidal beam oscillation
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4.3.1 Modelling Strategy

The assumptions for the numerical model have been explained in Section
4.2.1.1. The governing equation to determine temperature distribution and velocity
field, a numerical model was developed based on the solution of the equations of
conservation of energy (Eqg. 4.4), mass (Eq. 4.1) and momentum (Eq. 4.2) and
corresponding force terms as discussed in Section 4.2.1.2 and 4.2.1.3. The initial and
boundary conditions are given in Eq. 2.15-2.16 in Section 4.2.1.3. Flow condition for
the free liquid surface due to the surface tension gradient due to variations in
temperature is given in the Section 4.2.1.2. The numerical implementation of the

model is similar as explained in Section 3.2.5.

4.3.1.1 Materials, geometry and calculation domain
In this case study, Al-6005 and AI-5754 are joined together in a butt joint

configuration. A sinusoidal beam oscillation pattern is utilised with no nominal gaps
between the workpieces. The numerical model is performed using COMSOL
Multiphysics software where space is discretised using the finite element method and
time is discretised using BDF. The size of the simulation domain for a single plate is
100 mm x 50 mm x 3 mm with each plate is divided into three plates to improve the
mesh distribution having fine mesh at the centre of the fusion zone to coarser mesh
towards the base metal as shown in Figure 4.4 (a). Mesh sensitivity analysis was
performed over the global domain of temperature and fluid velocity and model outputs
are calculated after the model attained the quasi-steady state with respect to
temperature and fluid flow fields. Tetragonal mesh is used with a minimum mesh size
of r/8 mm having a total number of mesh elements of 750639 elements over the whole

domain. To map the effect of oscillation of frequency, the time step is selected as
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0.0001 seconds. The thermophysical properties of AA-5754 and AA-6005 alloys are

taken from [270,271].

Figure 4.4 Schematic illustration of geometry and finite element mesh distribution
used for the simulations.

4.3.2 Experimental Strategy
A 10 KW Coherent ARM FL10000 laser system, with a beam parameter product of

16 mm mrad with a core optical fibre of 100 um diameter was used. The laser system
coupled with the WeldMaster remote welding head (Precitec GmbH, Germany) and
beam oscillation is generated by the motorized mirror and collimator integrated with
the WeldMaster Scan&Track remote welding head. Only a core beam was used to
carry out the experiments. The Guillotine cutter was used to machine the sheets into a

coupon having dimensions 100 mm x 50 mm x 3 mm. Neither filler wire nor shielding
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gas was used throughout the experiments. Welding experiments are carried out in butt
joint configurations and the incident beam is inclined at an angle of 4 degrees with a
focal offset of 13 mm. The matrix of studied process parameters is summarised in
Table 3.3. The experimental set-up #1-7 is used for the selection of the heat source
model based on the shape of the weld profile, weld width and depth of penetration.
Set-ups #1 and #2 are selected to study the effect of beam oscillation during full
penetration welding and set-ups #3 to #7 are selected to investigate the effect of
oscillation frequency on grain morphology, solidification parameters and tensile
strength. A high-speed camera (FASTCAM Nova S6) was used to monitor the
dynamic behaviour of the weld pool at a photographing speed of 30000 frames per
second having a recording time of 2.2 seconds. A laser illuminator was used to
illuminate the weld zone. The experimental setup with the high-speed camera is shown

in Figure 4.5.

; =@ Laser robot system

Laser 1]Iummator

Figure 4.5 Weld experiment setup for welding AA-6005 with AA-5754 in butt
welding configuration using remote laser welding. The setup shows the position of
clamps, welding samples, high-speed camera, laser illuminator and laser head.
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After welding, the welded samples were sectioned normal to the welding
direction and polished to a surface finish of 0.05 um, and the respective steps are given
in Table 4.3, followed by etching in caustic sodium fluoride reagent (2%NaOH +
5%NaF + 93% water) [105]. The weld dimensions were measured in a Keyence
VHX7000 optical microscope. Weld zone grain morphology was characterised by
EBSD mapping conducted on a JEOL 7800F scanning electron microscope, equipped
with an Oxford Instruments’ Symmetry II EBSD detector and AZtec acquisition
software with an accelerating voltage of 20 kV and step size of 2 um. Grain size is
determined by the equivalent diameter of the circle for equiaxed grain and fitted ellipse
major diameter for columnar grain using AztecCrystal software. The different
methods used for the calculation of average grain size are based on the shape of the

equiaxed grains which is mostly circular and columnar grain which is closer to

elliptical in shape. An area-weighted mean value, D = % was used to express the
l

averaged grain size. The average area of the equiaxed and columnar regions is
calculated by adding the area of individual grains. The total area of the equiaxed and
columnar grain will provide an area of the fusion zone. The mechanical properties of
the joints formed are assessed using a uniaxial tensile test performed using a 30 KN
static Instron Universal tensile machine according to ASTM-E8 using a sub-sized
tensile specimen whose dimensions are shown in Figure 4.6 [272]. The dog bone
shaped tensile specimens are prepared with the welded region at the centre using high
precision Datron M7HP CNC milling machine. The tensile tests are carried out with a
constant crosshead velocity of 2 mm/min. During the test, the applied load is recorded
by an integrating load cell. Extensometer is used to measure the precise strain along

the gauge length of 32 mm. Bluehill 3 software is used to analyse and acquired tensile
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test data associated with Instron tensile testing machine. To check the repeatability of
each welding condition, three weld seams are prepared for each weld setup and five

tensile test samples were prepared from each weld seam.

Table 4.3 5-step polishing method for Aluminium alloys

Step Surface Size/Abrasive Load Speed Time
number (N) (rpm) (sec)
1 CarbiMet P400 SiC water 22 300 Until
cooled Plane

2 TexMet C 9 um MetaDi 22 150 300

Supreme Diamond

3 TexMet C | 3 um MetaDi Paste 22 150 240
4 TexMet C | 1 um MetaDi Paste 22 150 120
5 ChemoMet | 0.06 um MasterMet 22 1450 90

Colloidal Silica

152




lﬁ.
N\ [
4| o
«3
3
1| o9y
) W
—
PRS
3
3

<¥ | AA6005 [ AA5754
| < 7 .
I 32 mm |
B 100 mm :

Figure 4.6 The schematic diagram for the sub-sized tensile specimen used in the study.

Weld zone grain morphology was characterised by EBSD mapping conducted
on a JEOL 7800F scanning electron microscope. Grain size is determined by the
equivalent diameter of the circle for equiaxed grain and fitted ellipse major diameter
for columnar grains using AztecCrystal software. The different methods used for the
calculation of average grain size are based on the shape of the equiaxed grains which
is mostly circular and columnar grain which is closer to elliptical. The average area of
the equiaxed and columnar regions is calculated by adding the area of individual
grains. The total area of the equiaxed and columnar grain will provide an area of the
fusion zone. The mechanical properties of the joints are assessed using a uniaxial
tensile test performed using a 30 KN static Instron Universal tensile machine
according to ASTM-E8 using a sub-sized tensile specimen [272]. To check the
repeatability of each welding condition, three weld seams are prepared for each weld

setup and five tensile test samples were prepared from each weld seam.

4.3.3 Results and Discussions

4.3.3.1 Model Validation
In this chapter, the model is validated for the fluid flow part of the model based

on the weld pool morphologies of the top surface. Case-5 is used for the development
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of weld pool morphology at the top surface as it generates the best results based on the
shape and dimensions of the weld cross-section as discussed in section 3.4.1. (The
experimental setup is given in Table 3.3). The experimental high-speed camera images
of the top surface of the weld pool for no oscillation and beam oscillation welding for
different setups are shown in Figure 4.7 (a-d) respectively. Figure 4.7 (e-h) shows the
simulated weld pool morphologies which are indicated by isothermal contours from
liquidus temperature to boiling point. The keyhole profile is roughly circular (Figure
4.7 (a-d)) which matches the simulated contour map (Figure 4.7 (e-h)). The
comparison of the length of the weld pool and width of the weld pool between the
experiment and simulation are in good agreement with an overall 5% difference,
demonstrating the validity of the employed model. To ensure consistent and replicable
measurements of the top surface weld pool morphologies, the dimensions are assessed
at distances of 30 mm, 50 mm, and 70 mm from the initial weld point. The total length
of the weld is 100 mm, with the initial 20 mm and final 20 mm disregarded. For
reproducibility purposes, two weld seams are generated for each combination of
process parameters. The average value of these measurements is then utilized for

comparison with the simulated results.
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Figure 4.7 Comparison of the weld pool top surface morphologies between the
experimental high-speed camera (a-d) and numerical simulation (e-h) for a different
setup. The temperature above the boiling point where the keyhole is formed is shown
in white colour in the simulated contour map. The experimental setup is given in Table

3.3
4.3.3.2 Effect of welding speed on weld zone dimensions and flow profile
Figure 4.8 provides the main numerical results at the three different welding

speeds (setup #1,#8 and #9) at a constant laser power and the two different welding

155



speeds at a constant specific point energy density (SPED) [273] (setup #10 and #11).
Figure 4.8 (a-e) shows the shape and dimension of the weld on the transverse section,
Figure 4.8 (f-J) demonstrates the fluid flow fields in the x-z plane and Figure 4.8 (k-0)
depicts the vorticity formed at the top surface of the weld pool formed. As expected,
the higher the welding speed, the narrower and shallower the weld pool whose
dimensional values are given in Table 4.4. The length of the weld pool decreases with
an increase in welding speed (setup #1, #8 and #9), this is due to a decrease in net heat
input to the workpiece which leads to less formation of liquid metal. But at constant
SPED (setup #10 and #11), the length of the weld pool increases with an increase in
welding speed while width and depth almost remain constant. The velocity field of the
weld pool is indicated by the arrows whose magnitude can be estimated by the colour
of the arrows. The peak velocity increases with an increase in welding speed even at
a constant SPED due to the flow caused by the increase in movement of the laser beam.
The velocity profile in Figure 4.8 (f-j) shows a distinct vortex formed along the vertical
mainly moving up and down [274]. The liquid metal tends to flow first through the
length section as compared to the depth and this flow tendency is a result of a change
in the temperature gradient. Figure 4.8 (k-0) shows the obvious vortexes formed near
the keyhole opening position on the horizontal plane. The higher the fluid flow rate
magnitude indicates the higher vorticity. The vorticity profile confirms that the liquid
metal is flowing from the centre to the outward periphery. This outward flow of the
liquid metal is due to the Marangoni convection where flow is from a higher
temperature area to a lower temperature area [182]. The values of peak flow rate is
given in Table 4.4. In the core region of the weld pool, especially during the cooling
cycle, the temperature gradient increases as welding speed increases. When welding

speed increases from 4 m/min to 6 m/min, the thermal gradient increases from 2367
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K/mm to 2607 K/mm. The thermal gradient during the cooling cycle is important as it

governs the grain morphology during solidification [35]. The cooling rate calculated

in the core region shows an increasing trend with an increase in welding speed. This

is due to the decline in heat input and the values of the thermal gradient and cooling

rate is given in Table 4.4. The cooling rate governs the scale of the grains formed, the

higher the cooling rate finer will be the structure will be.

Table 4.4 Simulated weld characteristics for different welding speeds while other
parameters are kept constant for the butt welding of AA-5754 with AA-6005. The
experimental setup is given in Table 3.3

Setup

#1

#8

#9

#10

#11

Weld
length

(mm)

7.2

6.74

6.1

8.1

6.2

Weld
width

(mm)

291

2.54

2.2

2.7

2.71

Weld Peak Thermal

depth flow rate gradient

(mm) (mm/s) (K/mm)
3.00 5.31 2367
2.20 5.96 2545
1.93 6.04 2607
2.20 6.67 2652
2.24 5.26 2330
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Cooling
rate

(K/s)

5515

8768

13385

6909

6630
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Figure 4.8 Showing weld shape comparison between experiment and simulation (a-€),
velocity profile in the x-z plane (f-j) and vorticity profile in the x-y plane (k-0). The
experimental setup is given in Table 3.3
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4.3.3.3 Effect of oscillation amplitude on weld zone dimensions and weld flow profile

Figure 4.9 (a-d) shows the experimental and simulated fusion zone, Figure 4.9
(e-h) shows the fluid flow profile in the x-z plane and Figure 4.9 (i-1) depicts the
vorticity profile in the x-y plane. The oscillation amplitude is increased from 0.6 mm
to 2.4 mm while all other parameters are kept constant to understand the effect of
oscillation amplitude on the fusion zone dimension and flow profile. With an increase
in oscillation amplitude, the penetration depth and length of the weld pool decrease
while the weld width increases. This is because the laser beam covers a larger distance
in the same amount of time so the energy input per unit length decreases though the
net heat input to the workpiece remains constant. It was found that with the increase
in oscillation amplitude the mode of welding changes from the keyhole to the
conduction mode of welding which can also be confirmed from the peak temperature
calculated from the model as the temperature drops down below the boiling point of
the material. As compared to no oscillation condition, beam oscillation leads to the
formation of three distinct vortices. One vortex along the vertical plane as shown in
Figure 4.9 (e-h) and two vortices on the horizontal lane as shown in Figure 4.9 (i-I).
The two vortices formed in the horizontal plane are distinguishable for the higher
oscillation amplitude Figure 4.9 (k-I). The two vortices formed on the horizontal plane
are because of the stirring action due to the application of beam oscillation. The peak
flow rate (values given in Table 4.5) decreases with the increase in oscillation
amplitude due to the decrease in the Marangoni-driven convection because of the
decrease in the temperature. The thermal gradient at the core calculated during the
cooling cycle decreases with an increase in oscillation radius while the cooling rate
increases. This is due to the less retention of heat with increasing oscillation amplitude.

The values of the thermal gradient and cooling rate are given in Table 4.5.
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Figure 4.9 Showing weld shape comparison between experiment and simulation (a-d),
velocity profile in the x-z plane (e-h) and vorticity profile in the x-y plane (i-l). The
experimental setup is given in Table 3.3

When compared with no oscillation and beam oscillation conditions at the
same welding speed and laser power, penetration depth decreases due to a decrease in
the energy input per unit length. Whereas there is an increase in weld width and length
of the weld pool which suggests that a larger area is in molten form. The thermal
gradient of beam oscillation is lower than the no oscillation due to the churning action
of the oscillating beam in the weld pool. This is evident from the formation of one

more vortex on the horizontal plane. The implementation of beam oscillation in
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welding results in a higher cooling rate, indicating reduced heat retention at each point
compared to non-oscillating welding. Furthermore, beam oscillation leads to a higher
peak flow rate due to the stirring effect induced by the oscillating beam. However, at
higher oscillation amplitudes, there is a decrease in the peak flow rate compared to the
non-oscillation condition. This decrease is attributed to the reduction in peak
temperature, which in turn diminishes the Marangoni driven flow.

Table 4.5 Simulated weld characteristics for different oscillation amplitude while

other parameters are kept constant for the butt welding of AA-5754 with AA-6005.
The experimental setup is given in Table 3.3

Setup Weld Weld Weld Peak Thermal Cooling
length width depth flow rate gradient rate
(mm) (mm) (mm) (mm/s) (K/mm) (K/s)
#4 8.40 3.01 2.45 5.81 2130 7304
#12 8.15 3.1 1.98 5.31 1980 8265
#13 7.83 3.35 1.42 4.80 1845 12017
#14 7.20 3.7 0.92 4.05 1492 14783

4.3.3.4 Effect of oscillation frequency on weld zone dimensions and weld flow profile
Figure 4.10 shows the weld shape in the transverse direction, fluid flow profile

and vorticity profile formed with different oscillation frequencies while other process
parameters are kept constant. There are not many differences is found in terms of weld

width and length of the weld pool with increasing frequency. The peak flow rate
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increases with increased oscillation frequency due to the stirring produced at a higher
frequency [275]. The re-heating and re-melting due to sinusoidal beam oscillation are
less as compared to circular or infinity beam oscillation as the movement of the beam
in case of sinusoidal oscillation is always in the forward direction. The thermal
gradient decreases with increasing frequency and at higher oscillation frequency it
almost becomes constant. This is due to the decrease in peak energy accumulation
which leads to a decrease in the thermal gradient of the weld pool. The increasing
oscillation frequency accelerates the flow and promotes the heat transfer which leads
to an increase in the cooling rate. The values of the cooling rate and the thermal
gradient are given in Table 4.6. There is a gradual increase in high-speed flow area
with the increase in the frequency of oscillation which is depicted in the flow profile
and vorticity profile in Figure 4.10.

Table 4.6 Simulated weld characteristics for different oscillation frequencies while

other parameters are kept constant for the butt welding of AA-5754 with AA-6005.
The experimental setup is given in Table 3.3

Setup | Weld Weld Weld Peak flow Thermal Cooling
length width depth rate gradient rate
(mm) (mm) (mm) (mm/s) (K/mm) (K/s)
#3 8.41 3.01 2.46 5.30 2250 7021
#4 8.40 3.01 245 5.81 2130 7304
#5 8.38 3.00 232 5.95 2030 7540
#6 8.36 2.99 2.26 6.20 2000 7920
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Figure 4.10 Showing weld shape comparison between experiment and simulation (a-
d), velocity profile in the x-z plane (e-h) and vorticity profile in the x-y plane (i-I).
The experimental setup is given in Table 3.3

4.3.3.5 Influence of beam oscillation on Grain morphology during full penetration

A steep thermal gradient, high cooling rate and rapid solidification behaviour of the
molten weld pool are expected in the laser welding process. The simulated
temperature, flow fields and solidification process are combined to investigate the
effect of beam oscillation on grain morphology. The evolution of the solidification
behaviour of the top surface at the solid-liquid interface is demonstrated by studying

the solidification parameters. It has been proposed that the grain structure of a weld
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depends on the solidification rate (R) and temperature gradient (G) during
solidification [18,267]. The ratio G/R is proportional to the morphology of
solidification and GxR is proportional to the size of the grains formed [69]. The
threshold value for G/R is 7x10% Ks/mm for the dendritic structure of the aluminium
alloys and a lower value of G/R promotes equiaxed dendritic structure [105,267].
Figure 4.11 compares the variation of solidification parameters (G, R, GXR and G/R)
along the representative isotherm (898 K) on the top surface of the molten pool
boundary. In both no oscillation and beam oscillation cases, G exhibits uniform
distribution at the weld centre and increases rapidly along the fusion boundary and
beam oscillation conditions have a lower temperature gradient as shown in Figure 4.11
(@). The solidification rate decreases from the weld centre to the fusion boundary and
a relatively high peak is found for the no oscillation condition as shown in Figure 4.11
(b). The GxR follows a peak shape with a peak value at the weld centre suggesting
that the refined grains are formed at the weld centre and grain growth occurs towards
the fusion boundary. The no oscillation condition has higher GxR, which suggests that
the grain size will be smaller as compared to the beam oscillation condition. The G/R
value for both cases is below the critical value for the formation of cellular or dendritic
grains, therefore, a dendritic grain is expected in the fusion zone. The G/R follows a
‘U’ shaped distribution with a minimum value located at the weld centre suggesting
that the equiaxed grains form at the weld centre [69]. The lower value of G/R for beam
oscillation conditions demonstrates the formation of more equiaxed grains. The shape
of GxR is similar to R and the shape of G/R is similar to G. The solidification
parameters also suggest that there is the formation of a larger fusion zone for beam
oscillation condition as compared to no oscillation condition. This can be attributed to

the larger width of the solidified region at the top surface as shown in Figure 4.11.
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Figure 4.11 Comparison of the solidification parameters for welds produced with no
oscillation and beam oscillation during full penetration, extracted from the
solidification isotherm in the mushy zone on the top surface: (a) thermal gradient G,
(b) solidification rate R, (c) GxR and (d) G/R. The experimental setup is given in Table
3.3

EBSD analysis was performed across the transverse cross-section of the weld
zone to investigate the impact of beam oscillation on the grain morphology of the weld
and to compare the findings obtained from the numerical model. The grain structure
maps for both oscillation and no oscillation conditions are shown in Figure 4.12. The
weld cross-sections are comprised of equiaxed grains marked as fusion zone 1 (FZ1)
at the centre and columnar grains marked as fusion zone 3 (FZ3) at the boundary of
the fusion line. The columnar grain morphology is typical for dendritic growth, which
is in the direction of the thermal gradient. The average grain size and area of the
equiaxed and columnar region is given in Figure 4.12 (c). It is evident that the fusion

zone region and the region of equiaxed grains both increase with beam oscillation. An
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increase in the equiaxed region in the fusion zone, which is evident from the ratio of
equiaxed area to total fusion zone area, increases the isotropy of the weld preventing
crack propagation during the tensile test [181] and reducing crack susceptibility [105].
Consequently, an increase in tensile strength by 21.4% is determined with the
application of beam oscillation (Figure 4.12 (c)). The average grain size of the
equiaxed and columnar region is smaller for no oscillation conditions which are well
correlated to the region with the highest cooling rate (GxR) values, which follows the
same trend as in the numerical model. The beam oscillation condition has a larger
region of equiaxed grains which is correlated to the lower G/R value, which again is
consistent with results from the numerical model. In both the cases, the fractures
occurred in the fusion zone. Figure 4.13 shows the fractography of welds produced
with and without oscillation after the tensile test. Uniform distribution of dimples was
observed in the case of beam oscillation condition with few pores and micro-cracks.
In comparison, a much more frequent and larger pores and micro-cracks was captured
in the weld produced without beam oscillation which facilitates the rapid failure

subjected to external tensile loading.
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Set-up | Equiaxed | Equiaxed | Columnar | Columnar | Total Ratio of Tensile
grain size | grain area | grainsize | grainarea| area | equiaxed areato | strength

(nm) (mm?) (nm) (mm?) (mm?) | fusion zone area | (MPa)
#1 79.58 1.32 177.82 1.97 3.29 0.40 163+4.9
#2 82 2.74 189 2.83 5.57 0.49 198 +£2.9

Figure 4.12 EBSD IPF maps showing the grain structures in welds produced with (a)
no oscillation having power P = 4.5 kW, welding speed S = 4 m/min, (b) beam
oscillation having power P =5 kW, welding speed S = 4 m/min, oscillation amplitude
A = 0.6 mm and oscillation frequency f = 200 Hz and (c) provides the grain size and
area of a different region and ultimate tensile strength for full penetration welding.
The experimental setup is given in Table 3.3. Error for the tensile strength is standard
deviation.
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(a) No oscillation (b) Beam oscillation

Figure 4.13 SEM fractography of welds produced (a) without oscillation and (b)
beam oscillation, after the tensile test. (c) and (d) are high-magnification views of the
area highlighted in (a) and (b), respectively.

4.3.3.6 Influence of frequency of oscillation on Grain morphology
To investigate the influence of the frequency of oscillation on the evolution of

solidification behaviour, solidification parameters are studied along the top surface of
the molten weld pool boundary. Figure 4.14 shows the solidification parameters for
different oscillation frequencies while the rest of the welding parameters were kept
constant. The thermal gradient G demonstrates uniform distribution at the centre and
increases along the fusion boundary as shown in Figure 4.14 (a). The G value remains
constant with an increase in oscillation frequency. The solidification rate, R increases
with an increase in oscillation frequency. This is due to an increase in the travel speed
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of the laser beam with increasing oscillation frequency which increases the R. The
cooling rate, GxR has a peak shape which shows that the fine grains will form at the
centre and coarse grain growth around the boundary of the fusion zone. The peak of
GxR increases with an increase in oscillation frequency suggesting that the smallest
grains will be formed at the highest oscillation frequency. It is also worth noting that
the peak broadens with the increase in oscillation frequency, suggesting that grain
growth is hindered and more regions of finer grains will be formed. The G/R is below
the threshold value of 7x10° Ks/mm for the dendritic structure [105,267] and a lower
G/R value at the centre suggests the formation of equiaxed grains as shown in Figure
4.14 (d). Slight differences in the value of G/R were observed among the welds with
varying frequencies. Overall, the solidification parameters suggest that an increase in
oscillation frequency leads to the formation of finer grains and hinders grain growth

at a higher frequency.
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Figure 4.14 Comparison of the solidification parameters for welds produced with
varying oscillation frequency from 100 Hz to 500 Hz, extracted from the solidification
isotherm in the mushy zone on the top surface: (a) thermal gradient G, (b)
solidification rate R, (c) GXR and (d) G/R. The experimental setup is given in Table
3.3

EBSD analysis across the transverse cross-section was performed to
investigate the influence of oscillation frequency on the grain morphology of the weld
and to validate the findings observed from the numerical model. The grain structure
maps for different oscillation frequencies are shown in Figure 4.15 (a-e). The weld
cross-sections are comprised of two distinguishable zones: equiaxed grains (FZ1), and
long columnar grains (FZ3). The presence of broken columnar grains can also be seen
and this is due to stirring action in the weld pool which disturbs the growth of the

columnar grains in the mushy zone and promotes finer grains [181]. This disturbance
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breaks the growth of the columnar dendrites in the mushy region and promotes the
formation of fine columnar grains [181] which is consistent with the findings obtained
from the numerical model. With an increase in oscillation frequency, the fusion zone
dimensions decrease, which is evident from Figure 4.15 (f). This is due to the decrease
in line energy with the increase in oscillation frequency. With the increase in
oscillation frequency, it was found that the grain size gradually decreases [156], and
the grains size, area of the equiaxed grains and columnar grains are given in Figure
4.15 (f). It should be noted that the ratio of areas is estimated in place of absolute value
as the fusion zone area is not constant for all the cases and ratio is a more critical
parameter for the comparison. The tensile strength (given in Figure 4.15 (f)) increases
with the increase in oscillation frequency to 300 Hz and then again decreases with
increasing frequency. The increase in tensile strength is due to the decrease in grain
size of both the equiaxed and columnar regions but the decrease in the tensile strength
with an increasing frequency above 300 Hz is due to the decrease in the percentage of
equiaxed grains formed which is demonstrated as the ratio of equiaxed area to fusion
zone area reported in Figure 4.15 (e). The decrease in the percentage of equiaxed
grains leads to a decrease in grain boundaries which acts as a barrier for crack
propagation and thus makes the weld susceptible to cracking [105,181]. In all cases,

the fracture occurs close to the AlI-6005 boundary.
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AA-6005

=500 Hz

(®

f Equiaxed | Equiaxed | Columnar | Columnar | Total area Ratio of Tensile | Ratio of FZ1 area
(Hz) | grain size | grain area | grain size grain area (mm?) equiaxed area | strength | to columnar grain

(pm) (FZ1) (pm) (FZ3) to fusion zone | (MPa) area

(mm?) (mm?) area

100 78 1.122 280 2.17 3.29 0.34 130+3.8 0.10

200 77 1.120 230 2.08 3.20 0.35 152+52 0.15

300 72 1.000 204 2.17 3.17 0.46 165+4.7 0.21

400 68 0.800 199 251 3.10 0.26 132+74 0.37

500 59 0.550 136 1.73 233 0.23 102+13.4 0.44

Figure 4.15 EBSD IPF maps showing the grain structures in welds produced having
power P =4 kW, welding speed S = 4 m/min, oscillation amplitude A = 0.6 mm and
only vary oscillation frequency f systematically from (a) 100 Hz, (b) 200 Hz, (c) 300
Hz, (d) 400 Hz (e) 500 Hz and (f) provides the grain size and area of a different region
and ultimate tensile strength for all the cases. The experimental setup is given in Table

3.3
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4.4 Process capability space based on sequential modelling approach for
the heat transfer and fluid flow model.

Section 1.2 illustrates the sequential modelling approach and Section 3.4.4 explains
the process capability space framework. Chapter 3 establishes the process capability
space based on the weld thermal cycle model where the constraints are applied to the
IPIs peak temperature, HAZ volume and cooling rate. The parameters space for this
chapter would be the final process capability space (w3) established in the previous
chapter. This approach decreases the total computation time to survey the whole
parameters space. The two IPIs defined in this section are penetration depth (Dp) and
the ratio of the width of an equiaxed zone (FZ1) and fusion zone (FZ) (Weqx) at the top
surface of the workpiece. The ratio of the width of the equiaxed and fusion zone is
representative of the percentage of the equiaxed grains formed in the fusion zone. In
laser welding, G/R values suggest the formation of columnar and equiaxed grain (see
Section 4.3.3.5) in the fusion zone. The behaviour or criteria of transition of columnar
grains into equiaxed grains have been well investigated in the literature [276-278], so
only the final mathematical expression is discussed here, which describes the
relationship between volume fraction of the equiaxed grains &, material-dependent

and primary solidification parameters [267,277]:

1" 4.7
G" 1 (—4 Ny )§
R~ *n+1\3 m-o)
AT = (aV)¥/™ 4.8

Where a and n are material-dependent properties for the constitutional tip
undercooling for the growth of columnar and equiaxed dendritic growth as defined in
Eq. 4.8. AT is the undercooling and V is the dendrite growth rate which is approximated
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as the solidification rate, R. Hunt [276] found that @ > 0.49 should be considered for
the fully equiaxed growth. Greer [279] proposed the value for the material dependent
parameters as n = 3 and a = 6.19 K3 m/s and No is fitted to the value of 2.77 x 103 m-
3 for Al5xxx alloys. Geng et al. [267] provided the critical condition for fully equiaxed
grain formation as G%/R < 1.66 x 10° K® s/mm?*. Based on this critical value for the
equiaxed grain formation the width of the equiaxed grains was calculated from the
numerical model. The parametric contour map for the penetration depth and width of
the ratio of FZ1 and FZ is shown in Figure 4.16 for no oscillation and beam oscillation

conditions with R =0.3 mm and R = 0.6 mm.
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Figure 4.16 Parametric contour maps for laser power vs welding speed with and
without oscillation conditions at a constant frequency of oscillation of 200 Hz. (a-c)
shows a contour map for penetration depth and (d-f) shows contour maps for the ratio
of the width of the equiaxed zone (FZ1) and fusion zone (FZ).

As expected, the penetration depth increases with an increase in power or decrease in

welding speed for both with and without beam oscillation as shown in Figure 4.16 (a-
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c). Also, for the same combinations of welding speed and power, the depth of the
penetration decreases with beam oscillation due to the decrease in heat input per unit
length. The ratio of the width of the equiaxed region and fusion zone increases with
an increase in laser power due to a decrease in thermal gradient due to an increase in
the temperature of the weld pool. As the thermal gradient decreases more regions of
the fusion zone have equiaxed grain formation due to a decrease in G*/R. At the
constant depth of penetration, the Weqx increases with the beam oscillation and even
increases with an increase in the oscillation radius. This result is consistent with the
experimental findings for the sinusoidal oscillation pattern (see Section 4.3.3.5). This
is due to an increase in solidification rate R with the beam oscillation and also a
decrease in thermal gradient G which decreases the total value of G%R, so more

regions of equiaxed grains will form.
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Figure 4.17 Process capability space (Cp-Space) for no oscillation condition (where R
=0 mm and f = 0 Hz). The top row shows the process capability spaces (at each step

with an intersection with IP1s) and the bottom row shows the parametric contour maps
of each IPIs with the allowance limit.

Figure 4.17 shows the process capability space for no oscillation welding based on the
penetration depth and ratio of the width of the equiaxed zone and fusion zone. The
upper limit for the Dy, is through the thickness of the workpiece as in principle higher
the penetration higher will be the strength in the case of butt-welding joint
configuration. The lower limit of Dy is selected as 75% of the thickness of the plate
because below this range the interface at the bottom region of the fusion zone act as a
stress raiser which hampers the mechanical strength of the joint. Based on the
experimental results in the previous section the lower limit of Weqy is selected as 0.45

and the upper limit is the highest possible value. A larger region of equiaxed grains, it
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generates more grain boundaries which hinder the crack propagation and improves the
mechanical performance of the joints [69,105]. wzis the process capability space based
on the weld thermal cycle model, w4 is the process capability space based on the
penetration depth and s is the final process capability space based on the combined
weld thermal cycle and fluid flow model. It should be noted that the w3 will have the
same region even if the order of IPIs is changed. Also, for butt welding, the penetration
depth is considered an important KPI but for simplicity, it is termed IPI in this study.
The final process capability space (ws) from the combined weld thermal cycle and
fluid flow model will be the initial region or in other words parameters space when
the material mixing is included.

Figure 4.18 shows the effect of beam oscillation on the process capability space. It can
be also visualised as the stack up of 2D contour maps in the xy plane at a constant third
process parameter. The process capability space will represent a plane in the 3D space
which has been sectioned at a constant value of the third process parameter for better
visualisation. The process capability space increases with the application of beam
oscillation which suggests that the beam oscillation provides an extra degree of
freedom to modify the weld thermal cycle, fluid flow and solidification behaviour of

the weld.
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Figure 4.18 shows the process capability space for three process parameters to show
the 3D response surface as a stacked-up 2D contour map. The z-axis for the 3D
response surface is the radius of oscillation (R) which is varied at (a) R = 0 mm, (b) R
=0.30 mm and (c) R = 0.60 mm.

4.5 Conclusions

A numerical model was developed based on the finite element method to
simulate heat transfer and fluid flow for laser welding for circular and sinusoidal beam
oscillation patterns. The Peclet number was used to describe the ratio between heat
transport by convection and conduction. Comparing no oscillation welding with beam
oscillation welding shows that the Peclet number for no oscillation is greater than the
value for the largest radius of oscillation. In combination with the flow profiles for
larger radii, which become similar to no oscillation welding conditions, it can be
inferred that the change in Peclet number is attributed to differences in thermal
conduction of the oscillating heat source. This could potentially serve as a critical limit
for the oscillation radius where both welding conditions are indeed similar in terms of

heat transport.
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The peak flow rate decreases with an increase in oscillation amplitude due to
a decrease in Marangoni-driven convection due to a decrease in peak temperature.
While the peak flow rate increases with an increase in oscillation frequency when the
rest of the parameters are kept constant.

During full penetration welding, tensile strength increases by 21.4% with the
application of beam oscillation as compared to no oscillation conditions. This is due
to an increase in the percentage of equiaxed grains formed along the tensile direction
which hinders crack propagation.

The solidification rate and the peak of GXR increase with an increase in
oscillation frequency suggesting that the smallest grain will be formed at the highest
oscillation frequency.

There is an intersection of the process capability spaces based on heat transfer
and fluid flow models which reduces the region demonstrating the decrease in the

number of experiments required to select the robust parameters.
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Chapter 5. Numerical simulation of material mixing and
effect of beam oscillation on the solute intermixing layer
during laser welding of dissimilar high strength aluminium
alloys®

5.1 Introduction

AlMg-Si alloys have high hot cracking susceptibility due to the rupture of the
molten metal film at the grain boundaries during the solidification process [22-25].
The addition of alloying elements such as silicon, Magnesium, and copper are added
to increase the strength of the alloy utilizing precipitate strengthening. But, due to the
thermal treatment during the welding increases the crack susceptibility in the fusion
zone of the weld. The high content of the alloying elements results in a wide
solidification temperature range whereas a low concentration of alloying elements
leads to a small solidification range. This results in the separation of low melting liquid
film at the grain boundary leading to a crack due to the high thermal stress and thermal
conductivity of Aluminium [280]. The crack sensitivity curve shows that the crack
sensitivity of Aluminium is highest for the 1 wt% of Si and Mg [280]. Therefore, in
conventional laser welding, a filler wire with a high concentration of Si or Mg is used
to weld to decrease the susceptibility of cracking. With the use of filler wire, it serves
two purposes, the first one it increases the concentration of alloying elements and

moves the concentration of the fusion zone away from the peak of the crack sensitivity

% The details in this chapter have been published as:
A Mohan, Pasquale Franciosa, Dariusz Ceglarek, Michael Auinger, Numerical simulation of transport

phenomena and its effect on the weld profile and solute distribution during laser welding of dissimilar
aluminium alloys with and without beam oscillation. Int J Adv Manuf Technol (Under review)
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curve. The second one is that it increases the solidification temperature range and
reduces the cracking tendency of the welds. Modifying and optimising the chemical
composition in the fusion zone is a well-studied metallurgical approach to improve the
performance of the laser welds but it has a limitation in the welding speed it can go
[281]. Concerning the nature of the RLW process where no filler wire is used such
that it can offer high welding speed, the addition of alloying elements to the base
material [105] and utilisation of dissimilar base material [282] is a logical alternative.
The welding of 5xxx and 6xxx aluminium alloys is considered to be beneficial because
it creates weld chemistry that has low crack sensitivity [26,27]. There are two
possibilities to reduce the crack susceptibility to hot cracking: (i) Optimisation of
process parameters to influence solidification conditions to promote the generation of
equiaxed grain structure in the fusion zone and (ii) Welding of dissimilar aluminium
alloys and optimising the concentration of alloying elements by more mixing in the
RLW. The beam oscillation technique is a thermal approach to improving the weld
performance by improving the mixing, which is enabled by the scanning welding head
and can be fully integrated into the RLW process. This chapter focuses on the effect
of process parameters on the intermixing of alloying elements and the formation of an
intermixing layer with consideration to beam oscillation such that the chemical
composition of the fusion zone is far away from the peak of crack susceptibility. This
chapter develops a numerical simulation methodology to develop a numerical model
to simulate the solute mixing during laser welding of dissimilar Aluminium alloys.
The thickness of intermixing layer is estimated during laser welding with and without
beam oscillation using a hybrid volumetric heat source. The dominant mechanism of
solute mixing at various positions of the weld regions due to diffusion and convection

is determined. The developed model is validated with the corresponding experimental
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measurements. The effect of process parameters on solute mixing is determined by
estimating the thickness of intermixing layer for a more direct quantitative
comparison. Chapter 4 discusses the effect of process parameters on the solidification
behaviour and grain morphology of the fusion zone and provides the process capability

space based on the width of the equiaxed zone.

5.2 Modelling strategy

5.2.1 Assumptions
In this chapter, a 3D transient FEM model is developed to simulate the heat

transfer, fluid flow and solute mixing due to diffusion and convection with a Cartesian
coordinate system. The sinusoidal beam oscillation pattern is used, moving in the xy-
plane and x-direction as welding direction. The following assumptions are made with
the aim of reducing the computation time without significantly affecting the accuracy
of the numerical solution: (a) The fluid is considered Newtonian and incompressible,
and the Boussinesq’s approximation is utilised to account for the change in density
due to variation in the temperature and concentration; (b) No resistance to the transfer
of heat, fluid and mass due to the contact between the two workpieces are considered;
(c) the mass diffusion coefficient and thermal diffusion coefficient of species are
considered for the species in pure Aluminium; (d) in the simulation only Aluminium,
Silicon and Magnesium components are considered, and other alloy elements are
ignored due to very low concentration. Please note that the other assumptions related

to heat transfer and fluid flow are mentioned in Sections 3.2.1 and 4.2.1.1.
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5.2.2 Governing Equations, Heat source design and Boundary Conditions

To determine the temperature distribution, velocity field and solute
distribution, a coupled transient FEM model was developed based on the solution of
the equations of conservation of energy (Eqg. 4.4), mass (Eg. 4.1), momentum (Eq. 4.2)
and solute transport (Eq. 5.1) [283]

d(pCy)
Jat

5.1

+u.(VC) = V. (DiVCi + Dy g) + pgB(C = Crey)

where p is the density, t is the time, u is the fluid velocity, T is the temperature,
Ci is the concentration of species i, Dj is the mass diffusion coefficient for species i
and Dri is the thermal diffusion for species i. The first term on the left-hand side of the
Eq. 5.1 represents the rate of change of the mass concentration of species i (C;) with
respect to time (t). It accounts for the temporal variation of the concentration. The
second term on the left-hand side of the Eq. 5.1 represents the convective flux of
species i. "u" is the velocity vector of the fluid flow, and (VC) represents the gradient
of the concentration. The dot product of these two quantities represents the flux of the
species due to fluid convection. The first term on the right-hand side of the Eq. 5.1
represents diffusive flux of species i. This term accounts for the diffusive transport of
the species driven by concentration and temperature gradients. The second term on the
right-hand side of the Eq. 5.1 represents the buoyancy effect, often referred to as
"buoyancy-driven convection™ or "buoyancy-driven diffusion”. This term accounts for
the movement of the species caused by density variations induced by temperature
differences. The Eq. 5.1 combines the effects of temporal changes in concentration,
convective transport, diffusive transport driven by concentration and temperature
gradients, and buoyancy-driven convection to describe the overall movement and

transport of species i in a fluid.
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The corresponding force terms as discussed in sections 4.2.1.2 and 4.2.1.3.
Here, a combination of modified Gaussian damped, and the double ellipsoid
volumetric heat source is used as discussed in Section 3.2.4. The initial temperature
of the workpiece is taken as room temperature (To). The boundary condition for the
loss of heat due to convection, radiation and evaporation are described in section
4.2.1.3. The effect of surface tension gradient due to the variation in temperature and
concentration on the top surface of the workpiece is given in Eq. 5.2-5.3 [283] and the

velocity along the z-direction is zero

ou, _ dy oT 4 dy aCc 5.2
"9z = 9T ox ' aC ox
du,, _0ydT  0dyadC 53

%, = aray Tacay

Hybrid modified Gaussian damped heat source and double ellipsoid heat source are

adopted to simulate the heat input to the workpiece.

Figure 5.1 Schematic representation of the joint configuration and clamps for butt
laser welding.

5.3 Experimental Strategy
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Laser welding was performed in butt welding configuration with and without
oscillation, the schematics of the joint configuration, and position of the clamps are
shown in Figure 5.1. A 10 KW Coherent ARM FL10000 laser system was used to
weld Al-5754 and AI-6005 whose chemical composition is listed in Table 5.1. The
Guillotine cutter was used to machine the sheets into a coupon having dimensions 100
mm x 50 mm x 3 mm. Neither filler wire nor shielding gas was used throughout the
experiments. Before welding, these coupons are cleaned with acetone to remove
surface contaminations. Welding experiments are carried out with a 0 mm nominal
gap between the coupons and incident beam is inclined at an angle of 4 degrees. After
welding the welded samples were sectioned normal to welding direction and polished
to a surface finish of 0.06 um and the respective steps are given in Table 4.3. The
samples were characterised using Zeiss Sigma scanning electron microscopy. The
energy dispersive spectroscopy (EDS) data were acquired using the Aztec software
platform. To ensure both repeatability and reproducibility, two samples are prepared
for each weld seam, and two weld seams are generated for each combination of process
parameters. A line scan is performed at a consistent position for each sample, revealing
that the variation is less than 2% once noise has been eliminated from the data.

Table 5.1 Chemical composition of Aluminium alloys in weight %.

Composition Mg Si Mn Cr Cu Fe Al

AA-5754 | 26-36 | 0.6-09 | <05 <03 <0.1 - Bal.

AA-6005 | 0.4-08 | 09-14 | <0.1 <0.1 <0.1 | <0.35 Bal.

5.4 Results and Discussions
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5.4.1 Model validation

Transport of solute during laser welding is governed by two mechanisms,
namely convection due to fluid flow and diffusion due to temperature gradient. Figure
5.2 shows the comparison between the experimental and simulated solute distribution.
The line scan length and position are shown in Figure 5.2 (a) and (c). Figure 5.2 (b)
and (d) show the variation of the composition of Mg and Si with the distance. The
fluctuation in the experimental data of the element concentration is due to the presence
of pores, voids, and cracks. There is no observed fluctuation in the numerical model
as these attributes have not been simulated in the numerical model. Other possible
reasons for the fluctuation of the experimental data can be types of the detector, dead
time of the detector, oxygen content and software settings [50]. Line scans L4, L5, and
L6 are vertical scans and line scans L2 and L3 are horizontal line scans. The vertical
lines are scanned from top to bottom and the horizontal lines are scanned from left to
right as shown in Figure 5.2. The position of the vertical line scans is selected in such
a way as to provide granular details of the element concentration in Al-6005, Al-5754
and through fusion zones. Similarly, the position of the horizontal line scans is selected
to provide the transition between the alloys and the transition between the alloys
through the fusion zone. The combinations are selected such that proper validation is
possible. Line scan L4 is in the complete region of Al-6005 which is a Si-rich alloy,
so the element distribution on line L4 shows a horizontal line for Si and Mg throughout
the scan length which shows no change in the element concentration. The simulated
line is also straight. In line scan L5, the scanning starts from the fusion zone to the
AL-6005 crossing the fusion zone boundary. The Mg concentration increases inside
the fusion zone centre to the boundary of the fusion zone and again decreases from the

fusion boundary to the Al-6005 alloy. This is due to the movement of the Mg from a
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higher concentration to a lower concentration. The concentration of the Mg is higher
at the boundary of the fusion zone as compared to the middle of the fusion zone. The
concentration of the Si decreases from the middle of the fusion zone to the boundary
and increases from the fusion boundary to the AI-6005 alloy as it is rich in Si
concentration. The same trend is found in the simulated results. The line scan L6 is in
the complete region of Al-5754 which is an Mg-rich alloy. The concentration profile
for both alloys is constant throughout the length of the scan which matches the
simulated results. The horizontal line scan L3 start from the Al-6005 to Al-5754 alloy.
So, the concentration of Mg and Si remains constant till the boundary of one alloy
changes suddenly according to the other alloy. Similar values are estimated from the
simulation. The line scan L2 which originates from Al-6005 passes through the fusion
zone to AI-5754 alloy. Due to the convection and diffusion solute concentration
changes. The Mg concentration remains constant till the fusion zone boundary and
then increases in the fusion zone and becomes maximum at the Al-5754 alloy.
Similarly, the Si concentration is constant till the fusion zone boundary then decreases
through the fusion zone and is at a minimum at the Al-5754 alloy region. The
simulated result is in good agreement with the experimental results which manifests

the validity of the model to predict solute distribution during laser welding.
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Figure 5.2(a) SEM micrograph with the position of the line scan for element
distribution, (b) element distribution experimental using EDS line scan and simulated
(c) SEM micrograph with the position of the line scan for element distribution, (d)
element distribution experimental using EDS line scan and simulated having Laser
power of 4.5kW, welding speed of 4 m/min, oscillation Amplitude = 0.6 mm and
oscillation frequency = 100 Hz.
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5.4.2 Effect of process parameters on the solute intermixing layer

Set-up #1 P = 4.5 kW, §=4 m/min

Mg concentration AA-6005 Si concentration AA-6005

AA-5754
Set-up #4 P = 4.5 kW, §=4 m/min, 4 = 0.6 mm, /= 200 Hz

Mg concentration AA-6005 Si concentration AA-6005

3.60 mm 4.36 mm

AA-5754 AA-5754

Set-up #12 P = 4.5 kW, S =4 m/min, 4 = 1.2 mm, /=200 Hz
AA-6005

Mg concentration Si concentration

4.30 mm
AA-5754

3
%x mol/dm 2ox mol/dm?
y 054 1.38 1.98 2.58 3.18 3.78 ;0% 07 o) 11 13 5

Figure 5.3 shows the Mg concentration (a-c) and Si concentration (d-f) at different
setups. The experimental setup is given in Table 3.3

Figure 5.3 shows the concentration of Mg and Si for no oscillation and beam
oscillation conditions. AA-5754 is Mg-rich and AA-6005 is a Si-rich alloy. During
welding, there is a mixing of Mg and Si from the alloy having a higher concentration
to a lower concentration around the fusion zone. This intermixing is due to convection
and diffusion. The thickness of the solute intermixing layer depends upon the process
parameters. The thickness of the Si-layer for setups #1, #4 and #12 are 4.80 mm, 4.36
mm and 4.30 mm respectively. Similarly, for Mg-layer for setups #1, #4 and #12 are
3.80 mm, 3.60 mm and 3.55 mm. At the same welding speed and laser power, the
thickness of this layer decreases when beam oscillation is applied due to a decrease in
thermal gradient and an increase in cooling rate. Solute movement is dominant at the
fusion zone boundary due to the diffusion mechanism. It should be noted that the weld
width is < 3.1 mm for all the cases and the width of the intermixing layer is more than

the weld width. This suggests that the solute distribution occurs due to both diffusion
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and convection during welding. The thickness of this layer further decreases with the
increase in oscillation amplitude due to a decrease in thermal gradient and increase in
cooling rate which diminishes the effect of diffusion at the boundary. Figure 5.3 also
depicts the start and the position of the heat source. The start point is 1 mm from the
end of the coupons. Therefore, the mixing starts when the welding starts till the

position of the heat source which logically follows the results depicted.

5.4.3 Process capability space based on the sequential modelling approach based
on combined heat transfer, fluid flow and mass transport model

R=0.00 mm R=0.30 mm R=0.60 mm

Ratio of width of IML and Fusion Zone Ratio of width of IML and Fusion Zone

Ratio of width of IML and Fusion Zone

Power (W)

2000

0.90

1000 0.60

1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000 1000 2000 3000 4000 5000 6000
Welding Speed (mm min™") Welding Speed (mm min™") Welding Speed (mm min™")

(a) (b) (©)

Figure 5.4 Parametric contour maps for laser power vs welding speed with and without
oscillation conditions at a constant frequency of oscillation of 200 Hz. (a-c) shows a
contour map for the ratio of the width of intermixing layer and the width of the fusion
zone.

Figure 5.4 show the simulated ratio of the width of intermixing layer (IML) and the
width of the fusion zone at the top surface of the workpiece for different combinations
of welding speed and laser power for both with and without beam oscillation
conditions. The width of the IML is calculated as the average width for the thickness
of the Si-layer and Mg-layer in and around the fusion zone. The movement of alloying
elements is governed by both diffusion (due to thermal and concentration gradients)

and convection (due to fluid flow in the molten weld pool) which is dependent on the
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process parameters. At a constant laser power, this ratio increases with an increase in
welding speed up to critical welding speed and then again decreases with a further
increase in welding speed. At a constant welding speed, the ratio of the width of
intermixing layer (IML) and the width of the fusion zone decreases which suggests
that the intermixing is more dominant towards the conduction mode of welding and
this type of movement is more dominant due to diffusion phenomena. Also, from
Figure 5.4, it can be visualised that the width of intermixing layer is more as compared
to the no oscillation condition. This is due to the churning action by the oscillating
beam leading to more convection in the molten pool. Figure 5.5 shows the process
capability space for no oscillation welding based on the ratio of the width of IML and
fusion zone. The ws is the process capability space from the combined heat transfer
and fluid flow model which acts as a parameters space for the mass transport model
combined with previous models. The lower limit of the ratio of the width of
intermixing later and fusion zone is taken as 1 as in principle the modification of
chemical composition should be at least cover the whole fusion zone. From Figure 5.5,
it is clear there is no solution due to the two opposing boundary constraints. As in this
section, the intermixing is more prevalent close to the conduction mode of welding
while the requirement from the section is to have higher penetration which leads to no
solution. This shows that the material will be prone to cracking and is independent of
the process parameters. To overcome the problem there should be a balance between
the depth of penetration and material mixing. Less mixing at a high depth of
penetration makes the joint susceptible to cracking which leads to failure and at a low
depth of penetration joint will have lower mechanical strength due to lower

coalescence between the plates. It also suggests that there is a need to modify the linear
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welding in the RLW process in such a way that it increases the mixing at a higher

depth of penetration such as beam oscillation and beam shaping.

Process capability spaces
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Figure 5.5 Process capability space (Cp-Space) for no oscillation condition (where R
=0 mm and f = 0 Hz). The top row shows the process capability spaces (at each step
with an intersection with IP1s) and the bottom row shows the parametric contour maps
of each IPIs with the allowance limit.
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Other way is to modify the chemical composition of the weld either by adding the
alloying element in the base metal which increase the grain refinement such as
Titanium or using filler wire.

Figure 5.6 shows the effect of beam oscillation on the final process capability space.
The results show that with the application of beam oscillation small intersecting region
is there which increases with an increase in oscillation radius. The increase in the
feasible region is due to the increase in convection due to the churning action of the

beam oscillation.
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Figure 5.6 shows the final process capability space for three process parameters to
show the 3D response surface as a stacked-up 2D contour map. The z-axis for the 3D
response surface is radius of oscillation which is varied at (a) R =0 mm, (b) R = 0.30
mm and (¢) R = 0.60 mm.

5.5 Conclusions

The transport phenomena during laser welding with and without beam oscillation have
been developed with various combinations of volumetric hybrid heat sources. The

simulated model was verified by comparing the solute distribution measured
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experimentally using EDX line scans and from the simulated graph. The sudden dip
in the values of solute concentration during the line scan is due to the presence of pores
on the path. The mechanism of solute movement is both diffusion and convection
which can be attributed by comparing the weld width and thickness of intermixing
layer. As the thickness of intermixing layer is larger than the weld width this shows
that solute transport is due to diffusion as there is no convection outside the fusion
zone. So, convection is dominant in the molten pool region which is the fusion zone
and diffusion is dominant at the fusion boundary. Both mechanisms are comparable in
the mushy zone. At the same welding speed and laser power, the solute intermixing
layer thickness decreases when beam oscillation is applied as diffusion of solute at the
boundary decreases due to a decrease in thermal gradient and an increase in cooling

rate.

The parametric contour maps show that the ratio of the width of intermixing layer and
the width of the fusion zone increases with the application of beam oscillation. This is
a more reliable parameter to investigate the effect of beam oscillation on material
mixing in place of comparing the actual width for the same combination of welding
speed and laser power as the penetration depth decreases with the application of beam
oscillation. The final process capability space shows that without oscillation condition
has no solution while for beam oscillation condition generates the solution. The final

process capability space increases with an increase in the radius of oscillation.
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Chapter 6. Use of thermal and fluid flow modelling to
Investigate the capability of beam shaping technology using
Adjustable-Ring-Mode (ARM) laser beam on the
solidification parameters and grain morphology in remote
laser welding of high strength aluminium alloys*

6.1 Introduction

This chapter aims to explore the capability of new emerging laser technology
of beam shaping for E-mobility manufacturing by investigating the impact of the
Adjustable Ring Mode laser beam on the weld microstructure and mechanical
performance of 6xxx series aluminium alloy lap joints. Aluminium 6xxx alloys are
well known for their susceptibility to hot cracking. Optimising the chemical
composition in the fusion zone is a well-studied metallurgical approach to improving
the performance of laser welds, for example, the selection of proper filler material
during the conventional laser welding process [281]. Concerning the nature of the
RLW process where no filler wire is used, the addition of alloying elements to the base
material [105] and utilisation of multi-layer base material [282] have been reported
alternatively. Researchers proposed the beam oscillation technique as a thermal
approach to improving the weld performance, which is enabled by the scanning
welding head and can be fully integrated into the RLW process, providing flexibility
in defining spatial energy distribution within the weld zone. The wavelength and shape
of the laser are the key parameters during the laser materials processing which affects

the absorption rate of the laser on the surface of the material [284]. Therefore, it is of

4 The details in this chapter have been published as:

T. Sun, A. Mohan, C. Liu, P. Franciosa, D. Ceglarek (2022) The impact of Adjustable-Ring-Mode
(ARM) laser beam on the microstructure and mechanical performance in remote laser welding of high
strength aluminium alloys. J Mater Res Technol 21:2247-2261.
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great significance to investigate the beam shaping technique, which enables the tuning
of beam shape and size directly from the feeding fibre, was proposed as an additional
thermal approach to improve welding performance [285].

Subsequently, Coherent Inc introduced the adjustable-ring-mode (ARM) laser
beam [189], consisting of an inner spot beam and an outer ring beam. The idea of using
the Adjustable Ring Mode (ARM) laser is to improve the laser absorptivity of
Aluminium and provide freedom related to the orientation of two concentric beams as
compared to twin-spot laser. In this technique, the front part of the ring is used to
preheat the workpiece followed by core laser which improves the laser absorptivity
[286]. The combination of centre and ring laser leads to superior temperature
distribution during ARM laser. This superior temperature distribution influences the
grain evolution during welding of Aluminium alloys. This chapter implements the
developed research methodology to investigate the effect of ARM laser welding of
Aluminium alloys. The influence of laser power combinations on the weld geometry,
weld mechanical performance, weld zone grain structure and temperature field are
analysed. The effect of temperature distribution on the solidification parameters is
analysed to provide insight into the solidification behaviour during ARM laser
welding. Along with ARM laser beam oscillation is also employed based on the
previous study. The total power i.e., the total power of core and ring lasers is kept
constant such that the net heat input to the workpiece remains constant. A coupled
three-dimensional heat transfer and fluid flow model was developed to investigate the
effect of core/ring power ratio on the thermal history and provide insight into the
resultant solidified grain morphology.

The chapter is organised as follows: Section 6.2 discusses the modelling

strategy for the ARM laser welding with beam oscillation in lap joint configuration;
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Section 6.3 presents the experimental strategy, the steps involved for the
characterisation of weld geometry, weld mechanical performance and grain structure;
Section 6.4 presents the effect of varying power ratio the weld attributes and relation
between the solidification parameters calculated from the numerical model with the

grain structure. Finally, conclusions are summarised in Section 6.5.

6.2 Modelling strategy

6.2.1 Assumptions and governing Equations
To understand the evolution of thermal history as a function of the power ratio

of ARM laser, a transient three-dimensional numerical model is developed based on
the finite element method (FEM). A volumetric hybrid heat source is employed to
model the heat distribution from the laser to the workpiece. A three-dimensional
cartesian system is utilised with the laser head moving in the positive x-axis, the y-axis
is defined as the weld cross-section direction along the width of the workpiece, and
the z-axis is defined as the direction of weld penetration. The oscillating laser beam is
composed of two types of motions in the x-y plane: a sinusoidal motion and a linear
forward motion in the welding direction. Following assumptions are made to improve
the efficiency of the calculation without affecting the accuracy: (a) the liquid metal
formed is considered Newtonian and incompressible, and fluid flow is considered
laminar; (b) Boussinesq’s approximation is used to account for the change of density
due to temperature variations [264]; (c) the surface of weld pool formed is considered
flat and keyhole dynamics are not considered to simplify the model and decrease the
computational time, whereas a volumetric heat source model is used to replicate
keyhole which is a common practice as evidenced by [222,239,264,266,287,288]; (d)

temperature-dependent material properties are considered; (e) no vapour and plasma
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flow is considered in the simulation; (f) the absorption of laser energy by the
workpiece is kept constant which is assumed to be independent of temperature
changes; (g) the laser absorption coefficient is kept the same for the ring and the core.
Just to note that the absorption have been increased by 10% when the model was
calibrated for the beam shaping as compared to without beam shaping. This
observation matches with idea to improve the laser absorptivity of Aluminium using
the front part of the ring beam to preheat the materials thus increasing the laser
absorptivity [286]. Please note that the other assumptions related to heat transfer and
fluid flow are mentioned in Sections 3.2.1, and 4.2.1.1. The governing equations of
conservation of energy (Eqg. 4.4), mass (Eq. 4.1) and momentum (Eq. 4.2) and
corresponding force terms are adopted as expressed in section 4.2.1.2 and 4.2.1.3. The
initial temperature of the workpiece is assumed to be maintained at ambient
temperature (To). Heat loss at the top surface due to convection, radiation and
evaporation is given as follows in Eq. 2.15-2.16 in section 2.6.1. Flow condition for
the free liquid surface due to the surface tension gradient due to variations in

temperature is given in Eq. 2.21 in section 2.6.2.

6.2.2 Heat source design
The general trajectory of the moving laser beam is defined in Eqg. 3.3 where

(Xo,Y0,20) is the origin, S is the welding speed, A is the oscillation amplitude, and f is
the oscillation frequency. To include beam inclination as illustrated in Figure 6.2, the
trajectory of laser beam can be further determined as:

x' = X(t) 6.1
y' = cos(@)(y — y») — sin (&)(z = 7())
z' = cos(a) (z — z) — sin (&) (y — Z(t))

Where a is the angle of inclination, x’, y” and z’ are the coordinates of laser
beam after the inclination. The total heat input to the workpiece is the summation of
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energy absorbed by the core and the ring part of the laser as given in Eq. 6.2 where
Qcore IS the heat input by the core beam and Qring i the heat input by the ring beam.
Quaser (0, ¥,2,t) = Qeore(%,¥,2,6) + Qring(x,¥,2,1) 6.2
The core beam is simulated as a hybrid volumetric heat source consisting of a
double ellipsoid heat source [258] and a rotating Gauss body heat source [218,247] as
described in Section 3.2.4 and defined in Egs. 3.11 - 3.12. The ring beam is simulated
as surface heat flux in the top-hat mode and expressed in Eq. 6.3

aPb. 6.3

(rf — Tiz)

QTiTLg (X, Y, Z, t) =

Where Py is the power of the ring beam, ro and r; is the outer and inner radius

of the ring, respectively.

6.2.3 Calculation domain and numerical implementation

The simulations were performed using COMSOL Multiphysics 6.0 software.
The algebraic multigrid (AMG) solver was adopted as it provides robust solutions for
large CFD simulations. For problems solved for space and time, discretisation in space
is done using the finite element method and time is discretised using the backwards
differential formula (BDF). The damped Newton method is used to solve a fully
coupled system of non-linear equations and the generalised minimal residual
(GMRES) method is used to solve fluid flow. The simulation domain for a single plate
has a geometry of 100 mm x 50 mm x 3 mm. Each plate has been divided into five
domains to improve mesh distribution having very fine mesh at the weld centerline,
fine mesh at the fusion zone and coarser mesh at the base metal as shown in Figure
6.2. The mesh was finer for the upper plate where the laser beam is deposited as

compared to the bottom plate to reduce the computation time. Mesh sensitivity
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analysis was conducted based on both temperature and fluid flow velocity before
finalizing the mesh size and distribution. Tetragonal mesh with linear interpolation is
used with a total of 1550639 mesh elements having degrees of freedom at 1679454,
At the weld centerline, the minimum mesh size is r/2 which is 35 um, maximum mesh
size is 2r having a maximum element growth rate of 1.05 with a curvature factor of
0.2 is used (r is the laser spot radius of the core beam). At the fusion zone, the
minimum mesh is r, the maximum mesh size is 5r having a maximum element growth
rate of 1.02 with a curvature factor of 0.2 and at the base metal, the minimum mesh
size is 830 um having a maximum element growth rate of 1.13 with a curvature factor
of 0.5. No gaps between plates are considered. The main material properties of the

studied material are listed in Table 6.1 calculated from JMatPro [289].
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Figure 6.1 (a) Schematic illustration of modelling domain and mesh distribution used
for the simulation and (b) weld pools with mesh distribution. Just to note weld
dimensions have no significant variation for all the power ratios.

Table 6.1 Material properties of the 6xxx aluminium alloys calculated by JMatPro

[289]
Density of solid (kg-m3) 2695 (293K) Density of liquid (kg-m-) 2389
Specific heat of solid (J-kg-K1) 903 (293K) | Specific heat of liquid(J-kg-K1) | 0.00117 (923K)
Viscosity (Pa-s) 0.0013 (923K) Solidus (K) 823
Surface tension (kg-s?) 0.82 (923K) Liquidus (K) 923
Thermal conductivity (W-mm-2-K-1) 207 (293K) Latent heat of fusion (J-kg™?) 3.96E+5
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6.3 Experimental details

The material studied in this paper belongs to 6xxx series aluminium alloy in
T6 temper and the nominal chemical composition is shown in Table 6.2, measured by
Foundry-Master Pro2 optical emission spectrometer. Plates were machined into the
size of 100 mm (length) x 45 mm (width) x 3 mm (thickness) and cleaned with acetone
to remove surface contaminations prior to welding. A lap joint configuration with an
overlap length of 20 mm was employed, as schematically illustrated in Figure 6.2 (a).
To avoid heat sinking, a slot with a width of 15 mm was machined in the backplate
and located well beneath the weld seam. No shielding gas or filler wire was used
throughout.

Table 6.2 Nominal compositions of the studied material, measured by Foundry-Master
Pro2 optical emission spectrometer.

Chemical composition limits Element (wt. %)
Mg Si Cu Mn Fe Ti Al
Minimum 0.54 0.52 - 0.12 0.15 0.08 Balance
Maximum 0.62 058 005 0.17 0.25 0.10 Balance

A 10 kW ARM fibre laser source (HighLight FL10000-ARM, Coherent),
evenly assigned to ring beam and core beam, delivered by Precitec YW52 remote
welding head with a collimating length of 150 mm and focal length of 300 mm. A
glass material with a low refraction index is designed to isolate the core and ring beam
[290]. Fibres with a diameter of 70 um for the core beam and 180 um for the ring
beam diameter were utilised, which leads to the diameter at the focus of 140 pm for
the core beam (dc) and 360 pm for the ring beam (dr), respectively, as shown in Figure

6.2 (a).
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Figure 6.2 Fig. 1. Schematic diagram showing the experimental setup for (a) welding
test with the ARM laser beam and (b) specimen geometry and tensile lap shear tests.

During welding, the welding head was tilted at 10° from the vertical direction
(z-axis) and the laser beam was focused on the top surface of the upper part at 10 mm
(along the y-axis) from the free edge, as illustrated in Figure 6.2. Constant welding
speed (S) of 50 mm/s and the transverse oscillation frequency of 50 Hz was adopted
throughout all welding trials. The matrix of studied welding parameters, including
transverse oscillation width (A) and core/ring power ratio (Pc/ Pr) is summarised in
Table 6.3. The optimised A was subsequently employed to investigate the impact of
power ratios on the grain morphology of the weld and mechanical strength. It should
be noted that the total power in the study of power ratio was increased by 0.75 kW
compared to weld trials for the pre-selection of A to allow sufficient bonding between
the two plates over a wide range of power ratios. Theoretical Intensity profiles of the
ARM laser at the focus plane with different power ratios with a constant total power
of 6 kW are visualised in Figure 6.3. It is worth to note that due to the limitation of the

equipment to have core and ring have maximum power of 5 KW. So, no experiments
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can be done with only core and only ring but these conditions are simulated by the

model to develop the complete trend on the effect of ARM laser beam welding.

Table 6.3 Matrix of welding parameters studied in this paper.

Pre-selection of Beam Oscillation Width

Oscillation width Power of core beam
0;0.5;1.5;25;3.5 3.25
A (mm) Pc (kW)
Power of ring beam Power ratio
2.00 1.63
Pr (kW) Pc/ Pr

Study of Power Ratio

Oscillation width . Power of core beam 1.00; 1.50;2.00; 2.50;
A (mm) o Pe (KW) 3.50;
Power of ring beam 5.00; 4.50; 4.00; 3.50; Power ratio 0.20; 0.33; 0.50; 0.71;
Pr (kW) 2.50; Pc/ Py 1.40
x10°,
R : . 2 . 58
x10° 10° 10° 10° 10° 3% E
i 3 i 3‘ i 3 i 3 i 3 A. s
B2 £ 2 2 €2 €2 B 4§
0 - 0 0 o 0 ¥ E
0.1 > o 0.1 o 0.1 = 4 01 - o1 01 o [ g
mm o1 Y LU R L e g U mm o1 Yo Ll LY A, o 2
PJP=0.20 PJP=0.33 PJP=0.50 PJP=0.71 PJP=1.40

Figure 6.3 Theoretical Intensity profiles of ARM laser at focus plane with different
power ratios with a constant total power of 6 kW.

The welded samples were sectioned normal to the welding direction and
polished to a 0.06 um surface finish, followed by etching in caustic sodium fluoride
reagent (2%NaOH + 5%NaF + 93% water). The weld geometry was determined using
Keyence VHX7000 optical microscope along the transverse (y-z) cross-section. Weld
zone grain structure was characterised by EBSD mapping on unetched samples with
additional vibratory polishing in colloidal silica suspension for three hours. EBSD was

conducted on a JEOL 7800F scanning electron microscope, equipped with an Oxford
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Instruments’ Symmetry II EBSD detector and AZtec acquisition software with an
accelerating voltage of 20 kV and a step size of 3 um. Tensile lap shear tests were
conducted along the transverse direction at a constant extension rate of 1 mm/min,
following 1SO standards 6892 [291] on Instron® 3360 tensile machine equipped with
the 30 kN load cell, Figure 6.2 (b). Specimens for the tensile test had an effective weld
seam length of 20 mm and tests were repeated four times at each welding condition.
The mechanical strength of the welded structure was evaluated by the maximum load
(kN) from the load-strain curve. It should be noted that both micro-hardness
measurement and tensile test were conducted after post-weld natural ageing for one

month.

6.4 Results and discussion

6.4.1 Pre-selection of Beam Oscillation Width

Weld cross-sections at different oscillation widths were shown in Figure 6.4 (a), and
the evolution of fusion zone geometry, e.g., weld interface width (W;) and weld
penetration (P), was summarised in Figure 6.4 (b) - (c). Results show that a higher
oscillation width can effectively increase weld interface width but reduce weld
penetration. In addition, an excessive oscillation width, i.e., Ay= 3.5 mm, leads to an
unbonded area in the weld centre as highlighted and consequently reduces the effective
weld interface width. The evolution of weld geometry is closely related to the change
in laser energy distribution. With the transverse oscillation, peak laser energy density
is redistributed at two turning points of the oscillating path instead of the weld centre
(as seen in the case of non-oscillation (Ay= 0)). Furthermore, as the oscillation width
increases, the energy deposited field is more spread but with a mitigated intensity due

to the fixed total input power.
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Figure 6.4 (a) Cross-section morphology of welds produced with different oscillation
widths at the power of Pc =3.25 kW, and P = 2 kW, and evolution of weld geometry:
(b) weld interface width (W) and (c) weld penetration (P). Welding trials were
conducted at the constant total power of 5.25 kW, a power ratio of 1.63, an oscillation
frequency of 50 Hz and a welding speed of 50 mm/s.

The evolution of joint strength in response to the beam oscillation width was
investigated by tensile lap shear tests along the transverse direction and demonstrated
in Figure 6.5 (a). An improvement of the maximum linear load from 170 N/mm to 275
N/mm can be gained by increasing the beam oscillation width, which is essentially
related to the enhanced weld interface width. Failure position was determined within
the fusion zone for all tests as shown in Figure 6.5 (b) and two failure modes were
identified i.e., interface failure and fusion boundary failure. For the overlap joint
configuration, stress concentration under tensile shear loading initiates at the fusion
boundary near faying surface between two plates and predominantly develops along
the shortest path [292]. Therefore, the transition of failure mode at W) > 3.1 mm results

from the fact that the shortest path for the accommodation of stress concentration

diverts into the through-thickness direction instead of the width interface direction.
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Similar observations were also reported in [292,293]. In addition, the fractography in
Figure 6.5 (c) confirms the presence of an un-bonded region at an excessive oscillation
width, which reduces the effective weld interface width and, resultantly, the joint
strength. Therefore, an optimised Ay of 2.5 mm was determined for studying the effect

of the power ratio of the ARM laser in the following sections.
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Figure 6.5 (a) Plot of the maximum linear load during tensile lap shear test as a
function of weld interface width, (b) cross-section view of interface failure and
fusion boundary failure, and (c) comparison of fractography in welds at Ay= 1.5 mm
and Ay = 3.5 mm, showing the reduction of weld strength as a result of the unbonded
region at excessive oscillation width.

6.4.2 Effect of ARM laser power ratio on weld geometry
Figure 6.6 shows optical cross-sections of welds produced at different

core/ring power ratios. Overall, a slight reduction of weld interface width and a minor
increase in weld penetration was determined when a higher portion of power was
assigned to the core beam. In addition, it is clear that the variation of weld geometry
resulting from different power ratios is significantly reduced compared to the case

with various beam oscillation widths, as indicated by the grey area.
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Figure 6.6 (a) Cross-section morphology of welds produced at different core/ring
power ratios and evolution of weld geometry: (b) weld interface width (W) and (c)
weld penetration (P). Note that the space highlighted in grey in (b) and (c) indicates
the values obtained in the study of pre-selection of beam oscillation width (Figure 6.4).

6.4.3 Effect of ARM laser power ratio on the temperature field

A steep thermal gradient and rapid solidification behaviour of the molten
material are generally expected in the laser welding process, it is challenging to obtain
accurate evolution of the position-sensitive and time-sensitive temperature fields by
direct experimental measurement. Therefore, numerical simulation was developed to
reconstruct the temperature field and provide insight into the impact of power ratio on
the mechanism of microstructural formation. The model was first evaluated using the
welding trials with different oscillation widths listed in Table 6.3 due to a more
significant variation in weld geometry, followed by the welding trials with different
power ratios. Figure 6.7 shows the evolution of weld geometry in terms of weld top

width and weld penetration. It is evident that the simulated weld profiles are in good
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agreement with experimental observation, with the correlation coefficient of 0.94 and
0.95 for weld width and weld penetration, respectively, demonstrating the validity of

the employed model.
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Figure 6.7 Comparison of weld profiles from simulation and experiment for welds
produced with (a) various beam oscillation widths and (b) various core/ring power
ratios. Note that the image embedded in (a) shows the fusion zone (in red) of weld
with Ay= 0 mm from the simulation.

Figure 6.8 shows the evolution of temperature fields at steady-state as a
function of power ratio, simulated by the validated model. The yellow dashed line
indicates the position of the laser beam along the welding direction, and the molten
pool boundary was expressed by the solid white line using the isotherm T=(T_+Ts)/2=
873 K, where T_ and Ts are the liquidus temperature and solidus temperature,
respectively. Overall, a higher peak temperature and broader molten pool were
determined in the weld with an increasing power ratio, attributed to the greater
intensity of the core beam as visualised in Figure 6.3. Furthermore, a more rapid
change in the shape and magnitude of the temperature profile was observed through
the depth direction when the power ratio increased, indicating that the ring beam is

beneficial for stabilising the keyhole and maintaining a more uniform thermal field.
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Figure 6.8 Comparison of simulated steady-state temperature field in welds produced
with different power ratios: (a) from the top surface (x-y plane) and (b) from a
longitudinal cross-section along weld centre (x-z plane). Note that the dashed yellow
lines indicate the position of the laser beam along the welding direction and solid white
lines represent the molten pool boundary, expressed by the isothermal (T. + Ts)/2 in
the mushy zone.

6.4.4 Effect of ARM laser power ratio on weld grain structure

Due to the significant impact on weld mechanical performance, the grain
structures of welds with different power ratios were investigated by combining the
simulated thermal field results and the solidification principle. To demonstrate the
evolution of solidification behaviour in transverse and depth directions, solidification
parameters were studied along the molten pool boundary on the top surface and the
longitudinal cross-section at the weld centre, respectively (see Figure 6.9). It has been
proposed that the temperature gradient (G) and solidification rate (R) at the
solidification front play a significant role in the grain formation during the
solidification process, where G/R influences the grain morphology and GxR is
associated with the scale of solidified grains [18]. It should be noted that welding trials

in the pure ring beam (power ratio = 0) and pure core beam (power ratio = ) modes
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at an identical total power were also simulated to reveal the evolution from the pure
ring beam mode to the dual beam mode, which is not feasible by the experiment work
yielded by the maximum power of the individual beam.

In the transverse direction, the G exhibits a relatively uniform distribution in
the weld centre and increases rapidly towards the fusion boundary, Figure 6.9 (a). The
G is determined to increase first from the power ratio of 0 (ring only) until the power
ratio approaches 0.33 and then continuously drops as the power ratio increases. In
comparison, the R decreases from the weld centre towards the fusion boundary and
only a slight difference was identified among welds with different power ratios except
from the pure core beam mode Figure 6.9 (b). Consequently, the G/R follows a ‘U’
shape distribution with the minimum value located in the weld centre, Figure 6.9 (c).
For aluminium alloy, a threshold value of G/R at approximately 7x10° Ks/mm? was
estimated over which the planar solidification occurs stably [294]. As the G/R values
determined in all welds here are apparently lower than this critical value, cellular or
dendritic solidified grains are expected in the fusion zone. The cooling rate GxR
(Figure 6.9 (d)) followed an inverted ‘U’ shape distribution with the peak value
determined in the weld centre, indicating the refined grain structure in the weld centre
and promoted grain growth towards the fusion boundary. As the power ratio increases
from zero (ring-only mode), a parabolic distribution of the peak GxR is observed, with
the highest value at the power ratio of 0.33. This could be explained by the combined
impact of the ring beam and core beam as follows: At the extremely low power ratio,
for example, the ring only mode at the power ratio of zero, the ring provides excessive
pre-heating and post-heating, promoting a mitigating thermal gradient and slowing
down the cooling process. At the excessively high power ratio, for instance, the core

only mode (infinite power ratio), the excessive intensity of the core beam results in a
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high peak temperature and a long time for heat dissipation prior to the occurrence of
solidification, which consequently reduces the thermal gradient at the isothermal of
(TL + Ts)/2, and also lowers the cooling rate, as the temperature range for solidification
moves towards the tail of the cooling curve. It is believed that the evolution of the
cooling rate is dominated by the ring beam at a low power ratio, for example, from 0
(ring only) to 0.33, where the ring beam has comparable intensity to the core beam but
a significantly larger affected area (see Figure 6.3). In contrast, the core beam
dominates the change of cooling rate at a high power ratio because of the higher beam
intensity. Therefore, a balance associated with the highest cooling rate was determined
at the power ratio of ~0.33 for the welding parameters employed in this study, which
principally attributes to the most promising grain refinement.

In the depth direction, a uniform distribution of G is seen with a slight increase
near the interface of two plates (depth= 3mm), Figure 6.10 (a), and the R decreases as
the depth increases, Figure 6.10 (b). Consequently, a sustained decline in cooling rate
GxR is observed, Figure 6.10 (d), suggesting the increasing grain size from the top
surface. Furthermore, the evolution of magnitudes of G, R, G/R and GxR as a function
of the power ratio follows the same trend as seen in the transverse direction, Figure

6.9.
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Figure 6.9 Comparison of the solidification parameters for welds produced with
different power ratios, extracted from the simulated top surface isothermal (T + Ts)/2
in the mushy zone on the top surface (Figure 6.8 (a) and (b)): (a) temperature gradient
(G), (b) solidification rate (R), (c) G/R and (d) GxR.
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Figure 6.10 Comparison of the solidification parameters for welds produced with the
power ratios, extracted from the simulated isothermal (T, + Ts)/2 in the mushy zone
on the longitudinal cross-section (Figure 6.8 (c) and (d)): (a) temperature gradient (G),
(b) solidification rate (R), (¢) G/R and (d) GxR.

EBSD analysis was performed across the weld zone on the transverse cross-
section to quantitively investigate the impact of power ratio on the grain structure and
validate findings obtained from the numerical simulation. Grain structure maps
presented in Figure 6.11 and the statistical grain size distribution in the fusion zone of
the upper sheet, where the failure occurs during the tensile lap shear test, are shown in
Figure 6.12. Overall, the columnar grains grow from the fusion line towards the weld
centre both transversely and vertically, indicating the thermal gradient during the

solidification process. In addition, a significant amount of fine equiaxed grains were
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observed in the weld centre because the beam oscillation results in a more uniform
temperature distribution in the weld centre and resultantly wider constitutive
undercooling region [130,295]. It is also evident from Figure 6.11 that an increasing
power ratio promotes the nucleation and growth of columnar grains near the interface
between two plates. This can be statistically demonstrated by the more spread
distribution of grain size in welds at a higher power ratio. For example, frequencies of
grains finer than 50 um are much reduced while frequencies of grains coarser than 100
um gradually develop when comparing Figure 6.12 (e) with Figure 6.12 (b). It is
believed that in the case of a high power ratio, the evolution of grain structure in the
depth direction is related to the sufficiently low cooling rate at the interface, which is
observed to be comparable to the cooling rate at the fusion boundary (see Figure 6.9
(d) and Figure 6.10 (d)). Furthermore, the minimum area-weighted mean grain size
and restricted formation of columnar grains near the interface in the weld with a power
ratio of 0.33 are well correlated to the highest cooling rate, GxR, in both transverse

and depth directions, which confirms the reliability of the numerical simulation.
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,=2.5, PJP=0.50

Figure 6.11 EBSD IPF maps showing the grain structures in welds produced with the
power ratio of core to ring beam at (a) 0.20, (b) 0.33, (c) 0.5, (d) 0.71 and (e) 1.40.
The dashed line indicates the region for the statistical analysis of grain size distribution
in Figure 6.12. Welding trials were conducted at the constant total power of 6.0 kW,
oscillation width of 2.5 mm, oscillation frequency of 50 Hz and welding speed of 50
mm/s.
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Figure 6.12 Weld zone grain size distribution in welds produced with the power ratio
of core to ring beam at (a) 0.20, (b) 0.33, (c) 0.5, (d) 0.71 and (e) 1.40, summarised
from the fusion zone of upper part as indicated in EBSD maps. Note that grain size is
expressed by the equivalent diameter of the circle with an area equal to the grain.

6.4.5 Effect of ARM laser power ratio on weld mechanical performance
Figure 6.13(a) plots the evolution of the mechanical strength of welds with

different power ratios. Overall, the joint strength increases from ~275 N/mm to ~400
N/mm as the power ratio decreases, with the peak value captured at the power ratio of
0.33. It is interesting to see that the variation of joint strength resulting from different
power ratios is more significant than in the cases with different oscillation widths,
although the weld interface width remains comparable. In addition, fusion boundary
failure was observed among all welds, confirming the findings in Figure 6.5 that the
weld interface width determines the failure mode. The linear correlation between the
joint strength and area-weighted mean grain diameter, with R-square = 0.901 in Figure

6.13 (b), indicates that grain refinement is one of the primary mechanisms that lead to
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the improvement of joint strength when optimising the power ratio of the ARM laser

beam.
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Figure 6.13 Plots of (a) cross-weld hardness profile and (b) weld load-bearing capacity
as a function of core/ring power ratio. Tests were conducted after post-weld natural
ageing for one month. Note that the space highlighted in grey in (b) indicates the
variation of load-bearing capacity in the study of oscillation width. Welding trials were
conducted at the constant total power of 6.0 kW, oscillation width of 2.5 mm,
oscillation frequency of 50 Hz and welding speed of 50 mm/s.

Figure 6.14 shows the fractography of welds produced at the power ratio of
0.33 and 1.40 after the tensile lap shear test, corresponding to the maximum and
minimum joint strength. Uniform distribution of dimples was observed in the case
with a power ratio of 0.33, with few pores and micro-cracks. In comparison, a much
more frequent presence of pores and micro-cracks was captured in the weld produced
at the power ratio of 1.40, which significantly reduces the resistant area and facilitates
the rapid failure subjected to external tensile loading. Results indicate a more stable
keyhole is expected during the welding processing with a lower power ratio. The direct
observation of keyhole behaviour as a function of power ratio will be carried out in

the future.
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(a)

Fracture surface

Figure 6.14 SEM fractography of welds produced at the power ratio of (a) 0.33 and
(b) 1.40, after the tensile lap shear test. (c) and (d) are high-magnification views of the
area highlighted in (a) and (b), respectively. Representative microcracks and pores are
highlighted by arrows.

6.5 Conclusions

This chapter studied the impact of Adjustable-Ring-Mode (ARM) laser beam
on the grain morphology of the weld and mechanical performance of laser welded
6xxx aluminium alloy. A remote laser welding system equipped with transverse beam
oscillation was employed and welding parameters, including the beam oscillation
width and core/ring power ratio of the ARM laser beam, were investigated
sequentially. A combination of experiments and FEM modelling have been presented
to study weld geometry, fusion zone grain structure and weld mechanical strength, as

well thermal evolutions within and around the weld. The FEM model provided
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information about temperature gradient and solidification behaviour, which are
difficult to measure directly via experiments. The two main findings were summarised
as follows:

The core/ring power ratio of the ARM laser beam at a constant total power has
limited control over the weld geometry when integrated with beam oscillation.

A proper core/ring power ratio can restrict the formation of columnar grains
near the interface between the two plates, resulting in grain refinement within the weld
zone. Extremely high power ratio, for example, the core beam alone mode (infinite
power ratio), results in high peak temperature and allows a long time for heat
dissipation prior to solidification, leading to low thermal gradient and the cooling rate
at the solidification front; Extremely low power ratio, for example, the ring beam along
mode (zero power ratio), provides excessive pre-heating and post-heating, mitigating
the thermal gradient and slowing down the cooling process. Results showed that a
compromised solution which balances the wider formation of equiaxed dendrites and
better grain refinement was determined at the power ratio of 0.33. This translated to
the improvement in joint strength up to 400 N/mm.

The chapter proved the feasibility of controlling the grain morphology of laser
welded 6xxx aluminium alloy by using ARM laser technology. This opens interesting
future opportunities in the area of laser beam shaping as a tool to create bespoke grain
morphology, as well as control of phase formations and intermetallic during the

joining of dissimilar materials.
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RLW is increasingly adopted for lightweight manufacturing in the automotive
industry as it offers the inherent flexibility of imposing heat in a localised manner by
modulating the power and location of the heat source. This provides an opportunity to
modify or tailor the temperature field, fluid flow field and concentration field during
the welding process using RLW capability for laser beam oscillation, beam shaping
and power modulation. These capabilities provide an opportunity to modify the weld
thermal cycle, solidification behaviour, grain morphology and mass transport which
is critical for the weld quality to achieve near-zero defect manufacturing. However,
the relationship between the welding process parameters and the weld quality
indicators (IPIs/KPIs) is not fully understood. Also, with the increase in the number
of input parameters, it is challenging to select robust process parameters using
experimental investigation. Therefore, previous chapters comprehensively discuss the
sequential modelling approach for the development of the proposed numerical models
for the estimation of the weld thermal cycle, fluid flow profile and material mixing
during laser welding of high-strength aluminium alloys. The effect of process
parameters on the weld profile, fusion zone dimensions, solidification behaviour, grain
morphology and solute transport is established with consideration to beam oscillation
and beam shaping. The process capability framework is built on these underlined
numerical models of heat transfer, fluid flow and mass transport by defining the
constraints on the IPIs and KPIs to ensure the required weld quality. The process
capability space framework is established for the selection of robust process
parameters. The developed framework provides the range of WPPs which satisfies all

the IP1s/KPIs to ensure the required weld quality. It would help in reducing the number
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of necessary experiments to be conducted to determine robust process parameters by
providing the initial range of process parameters which satisfies the required weld
quality during the early design phase. It can be used for the analysis of different laser
welding process key technological innovations such as beam oscillation and beam
shaping as it modifies the weld thermal cycle, solidification behaviour and grain
morphology and thus, affect the weld quality. This chapter draws conclusions, presents
gaps addressed, contributions, the impact of the research, limitations and future work.
The rest of the chapter is organized as follows: Section 7.1 discusses the conclusion
and the contributions; Section 7.2 discusses the limitation of this work and suggestions

for future work.

7.1 Conclusions and contributions

This research work aimed to develop a framework for the quick selection of robust
welding process parameters during the early design phase to achieve the weld quality
requirements and to comprehensively understand the effect of different laser welding
process parameters on the weld thermal cycle, fluid flow, solidification behaviour,
grain morphology and mass transport during the laser butt-welding of high-strength
aluminium alloys with consideration to beam oscillation and beam shaping. This was
accomplished by developing the Multiphysics numerical model to simulate heat
transfer, fluid flow and mass transport for laser welding and including key laser
welding technological advancements such as beam oscillation and beam shaping as
input parameters in the numerical model. The key conclusions are:
e Welding speed and laser power have a significant effect on the weld thermal cycle
as established from the contour maps in case of no oscillation condition. In the
case of beam oscillation, the significance of the radius and frequency of oscillation
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has been developed on top of welding speed and laser power. From the parametric
contour maps, it was found that the frequency of oscillation has no significant
effect on the weld thermal cycle for the range it is investigated, and a significant
effect was observed for the radius of oscillation. Thus, the main parameter
affecting the weld thermal cycle during beam oscillation is the radius of oscillation
in addition to laser power and welding speed which provides beam oscillation just
one extra degree of freedom reducing the four parameters space to three
parameters space.

The process capability space refining strategy presented, decreases the number of
paths within the process capability space from the initial parameter settings to
optimize process parameters. For example, the same peak temperature can be
attained by various combinations of welding process parameters which, however,
may lead to different values of HAZ volume and cooling rate. This non-linear
relation of HAZ volume and cooling rate with the change in the radius of
oscillation can be visualised by the process capability space.

The area of process capability space increases with the application of beam
oscillation. This increase in area exhibits the increase in flexibilities due to the
application of beam oscillation as the process will be more robust due to larger

acceptable regions and smaller fall-out areas.

The ratio of the Marangoni number to the Grashof number is of the order of 10% in
all the cases which suggested that the surface tension force is dominant rather than
the buoyancy force. Given a constant circumferential velocity in oscillating
welding conditions, it was found that peak temperature, weld dimensions and the

thermal gradient decrease with an increase in oscillation radius. At the same time,
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the peak flow rates in the melt pool, however, decrease with an increase in the
oscillation radius. It can therefore be concluded that beam oscillation offers two
additional parameters to control fluid flow and heat transport to optimise welding

performance.

For the sinusoidal beam oscillation, three vortices are formed as compared to no
oscillation condition where only two vortices are formed. The formation of the
third vortex is attributed to the churning action of the beam oscillation. This shows
that beam oscillation leads to more convection in a molten pool of metal which
leads to more mixing and affects solidification behaviour. This leads to a decrease

in thermal gradient and hinders the growth of columnar grains in the mushy zone.

The GxR follows a peak-shape distribution with a peak value at the weld centre
suggesting that the refined grains are formed at the weld centre and grain growth
occurs towards the fusion boundary. During full penetration welding, tensile
strength increases by 21.4% with the application of beam oscillation as compared
to no oscillation conditions. This is due to an increase in the percentage of equiaxed

grains formed along the tensile direction which hinders crack propagation.

The solidification rate and the peak of GxR increase with an increase in oscillation
frequency suggesting that the smallest grain will be formed at the highest
oscillation frequency. The broadening of the peak with increasing oscillation
frequency suggests that grain growth is hindered and more regions of finer grains

will be formed.
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The process capability space from the heat transfer model is further refined based
on the depth of penetration and ratio of the width of the equiaxed zone to the fusion
zone. There is an intersection of the process capability spaces based on
independently analysed heat transfer and fluid flow models which reduces the
feasible region demonstrating the decrease in the number of experiments required
to select the robust parameters. The process capability space increases with the
application of beam oscillation which suggests that the beam oscillation provides
an extra degree of freedom to modify the weld thermal cycle, fluid flow and

solidification behaviour of the weld.

The mechanism of solute movement is found to be governed by both diffusion and
convection which can be attributed by comparing the weld width and thickness of
intermixing layer. This can be inferred as the thickness of intermixing layer is
larger than the weld width which shows that solute transport is due to diffusion as
there is no convection outside the fusion boundary. So, convection is dominant in
the molten pool region which is the fusion zone and diffusion is dominant at the

fusion boundary. Both mechanisms are comparable in the mushy zone.

The solute intermixing layer thickness decreases when beam oscillation is applied.
This is due to a decrease in diffusion at the fusion boundary which is attributed to
the decrease in a thermal gradient. It was also found that introducing solute
distribution in the mass transfer model improves the prediction of fusion zone
boundary as compared to the fluid flow model.

The parametric contour maps show that the ratio of the width of intermixing layer

and the width of the fusion zone increases with the application of beam oscillation.
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This is a more reliable parameter to investigate the effect of beam oscillation on
material mixing in place of comparing the actual width for the same combination
of welding speed and laser power as the penetration depth decreases with the
application of beam oscillation. The final process capability space shows that
without oscillation condition has no solution while for beam oscillation condition
generates the solution. This shows that the chemical composition of the fusion
zone is far away from the peak of crack susceptibility and can be attained during
the beam oscillation condition. The final process capability space increases with
an increase in the radius of oscillation.

e Utilizing an adjustable-ring mode laser beam (beam shaping) during laser welding
allows for the control of columnar grain formation near the plate interface. By
selecting an appropriate core/ring power ratio, grain refinement within the weld
zone can be achieved. An excessively high power ratio, such as using the core
beam alone mode (infinite power ratio), leads to elevated peak temperatures and
extended heat dissipation before solidification. Consequently, this results in low
thermal gradient and reduced cooling rate at the solidification front. Conversely,
an extremely low power ratio, such as the ring beam along mode (zero power
ratio), leads to excessive pre-heating and post-heating, thereby mitigating the
thermal gradient and slowing down the cooling process. The experimental results
demonstrated that a compromised solution, achieved at a power ratio of 0.33,
balances the formation of equiaxed dendrites and enhances grain refinement. This
compromise ultimately leads to an improvement in joint strength of up to 400

N/mm.

Overall, the main contributions of this study to the scientific community are:
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This study demonstrates that the sequential modelling approach decreases the total

computation time to survey the whole parameters space by 55%.

This study provides a comprehensive understanding of the effect of process
parameters on the weld thermal cycle, fluid flow, solidification behaviour, grain
morphology and solute transport to understand the root cause of defects which

provides critical insights to improve the performance of the welded structure.

Development of a multi-physics model capable of simulating technological
advancements such as beam oscillation, beam shaping and power modulation. This
provides extensive details of the influence of these advancements and critical
boundaries for the user depending on the requirements of the downstream
processes. This provides an opportunity to modify or tailor the performance of the

welds.

The developed numerical model provides qualitative information about the grain
morphology and grain size by simulating the solidification parameters. The grain
morphology and grain size have a critical relationship with the strength of the
welded structure. During welding, qualitative measurement is very important

when comparing different possible process parameter combinations.

The development of the process capability space framework provides a boundary
region for the selection of the initial process parameters window and also provides
qualitative measurements such as HAZ volume, grain size and grain morphology.
It demonstrated that the beam oscillation provides more flexibility as the final

process capability space for no oscillation condition has no solution whereas the
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beam oscillation condition generates a solution and the feasible region increases
with an increase in the radius of oscillation. These qualitative measurements
provide details about the weld quality and performance of the welded structure.
The process capability framework provides the influence of process parameters on

the IP1s and KPIs and reduces the number of experiments and design time for NPI.

7.2 Limitations and Future work

The framework developed in this thesis has many advantages compared to the

state-of-the-art which is discussed in the previous sections. Below are the limitations

of the research work in terms of scope, advantages and applications.

Scope: This work is done within the scope of coupons and has not been tested on
the surrogate parts, prototypes and actual components. The effect of heat input on
welding seams longer than 125 mm is not included in this study. The process
parameters are kept constant while welding one weld seam and the effect of the

change of process parameters on the single weld seam is not understood.

The effect of clamping and the gap between the plates is not studied. No particular
weld defect is simulated. The weld profile is quantified and the rest of the weld

quality is analysed qualitatively.

The effect of vapour plume and plasma formation is not modelled while a
volumetric heat source is considered. The instability of the keyhole is not
considered whereas volumetric heat sources always have a stable keyhole. Further,
it will be advantageous to consider the effect of material removal and recoil

pressure while maintaining a reasonable computation time.
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The process capability space framework may have no solution if lots of process
parameters and performance indicators are considered. Process capability space
framework works for the MIMO scenario but will be very complicated for a higher

number of inputs and outputs.

The present methodology cannot be used for closed-loop in-process (CLIP) quality

control as the models take hours to solve.

The developed methodology can be extended to lay a foundation for a much

needed and industrially relevant field of study which will combine physics-based

modelling and data-driven approach such as Artificial intelligence. This methodology

provides a forward loop from process parameters to weld quality indicators and there

is a need for the backward synthesis to provide process parameters when weld quality

Is known. The process capability space framework will not be able to provide the root

cause of the defects. The topics of the future work are as follows:

As an extension of the considered physics, a ray-tracing can be included in the
model to model the laser intensity distribution inside the keyhole for a more

realistic model of the keyhole and keyhole features.

Implementation of the material mixing to more complex alloy systems such as
welding of Aluminium to steel and predicting the conditions for the formation of

intermetallic phases and suggesting measures to control them.

Implementing volume of fluid method or phase-field modelling to model undercut

and convexity at the weld surface.
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Using CLIP quality control using the Al for the root cause analysis and providing
the countermeasure in real-time. As Al-based models require a large size of data
to train a model which is one of the prime challenges of the use of Al in
manufacturing. A real-time physics-based simulation can be explored based on a

reduced-order model or non-intrusive methods.
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To capture and visualize the behaviour of an oscillating beam, a time step is chosen to
ensure that at least four solutions are obtained within a single oscillation. The mesh
size is determined through a two-step process: (i) In the first step, the minimum mesh
size is set smaller than the laser spot size to adequately represent the laser beam with
sufficient mesh elements. (ii) In the second step, the mesh size is adjusted until the
model output remains consistent regardless of changes in mesh size. For the first step,
the minimum mesh size at the fusion zone is defined as r/4, where r represents the
radius of the laser spot. In the second step, a mesh sensitivity analysis, depicted in
Figure 3.2. is conducted to ensure the final mesh size satisfies both steps. An
illustrative example is provided to demonstrate the selection of the time step and mesh

size.

The laser spot size is 0.2 mm. The frequency of oscillation, f is 500 Hz and the
maximum welding speed, s studied in this study is 6000 mm/min.

The radius of laser spot, r = 0.1 mm.

The mesh size, m in fusion zone = r/4

m = 0.025 mm.

The time step, t = 1/(4f)

t =0.0005 sec

For each time step the laser beam moves the distance, d by (t X s)
d =0.05 mm

Number of mesh element for each time step = d/m

Number of mesh element for each time step = 2.

This calculation shows that there is sufficient number of elements for the laser beam

movement in between each time step.
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