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Résumé: La soudure au laser de métaux
dissemblables, tels que le titane et l'aluminium,
suscite un vif intérét au sein de [lindustrie
manufacturiére. Toutefois, l'incompatibilité entre
ces matériaux constitue un défi considérable en
raison des disparités dans leurs propriétés
physiques et thermophysiques. Comprendre les
mécanismes physiques en cours au sein de le
capillaire revét une importance cruciale en vue de
l'optimisation et de I'assurance de la qualité des
soudures. Le comportement de la plume de
vapeur émergeant du capillaire est intimement lié
aux phénoménes survenant a l'intérieur de cette
derniére. De ce fait, l'objectif de cette these
consiste a appréhender et caractériser la plume de
vapeur dissemblable au moyen de techniques
d'imagerie  rapide, conjointement a la
spectroscopie d'émission. Nous avons établi une
corrélation entre la plume de vapeur et le
comportement du capillaire par le biais d'une
investigation in-situ de la zone fondue/de la
capillaire au moyen de I'imagerie rapide.

En outre, nous avons réalisé une analyse post-
mortem en utilisant SEM-EDX des zones
fondues. L’influence de divers décalages du
faisceau laser de la ligne de jonction a été étudiée
concernant le comportement du capillaire et la
plume de vapeur de soudage dissimilaire en
configuration bout a bout. L'observation de la
plume de vapeur a différentes longueurs d'onde,
notamment dans les régimes infrarouge et
ultraviolet, conjuguée a des techniques de
traitement d'image et de caractérisation, a été fait
pour le panache dissimilaire. La spectroscopie
d'émission a été mise en ceuvre afin d'étudier les
émissions thermiques et atomiques de la plume de
vapeur, ce qui a permis d'estimer sa température
et d'identifier sa composition chimique. Enfin, la
plume de vapeur et le comportement du capillaire
ont fait l'objet d'une étude, en utilisant les mémes
techniques in-situ et post mortem, dans le
contexte du soudage par transparence. Cette
démarche visait a observer et a appréhender les
divergences par rapport au soudage en
configuration bout a bout.

Title : Study of the vapor plume formed during the dissimilar laser welding: the application in the

case of titanium/aluminum couple

Keywords : laser welding, vapor plume, dissimilar materials, high-speed imaging

Abstract : Laser welding of dissimilar metals
such as titanium and aluminum is highly
sought-after in  manufacturing. However,
incompatibility between these materials is
challenging due to the differences in their physical
and thermophysical properties. Understanding the
physical processes in the keyhole could lead to
better optimization and quality control of the
welded joints. The behavior of the vapor plume
exiting the keyhole is closely related to the
processes occurring within  the keyhole.
Therefore, the aim of this thesis is to understand
and characterize the dissimilar vapor plume using
in-situ techniques such as high speed imaging and
emission spectroscopy. Correlation of the vapor
plume with the keyhole behavior was done
through in-situ investigation of the keyhole-
melted zone using high-speed imaging and also
post-mortem SEM-EDX analysis of the melted
Zones.

The influence of different laser beam offsets from
the joint line on the keyhole and vapor plume
behavior were studied for the dissimilar welding
experiments in butt-configuration. Observation of
the vapor plume at different wavelengths in the
infrared and ultraviolet regimes, along with image
processing and characterization techniques were
done for the dissimilar plume. Emission
spectroscopy, conducted to study the continuous
thermal and atomic emissions from the vapor
plume allowed temperature estimation and
identification of the chemical composition of the
vapor plume. Finally, the vapor plume and
keyhole behavior were studied using the same in
situ and post-mortem techniques for overlap
welding to observe and understand the differences
from welding in butt-configuration.
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Nomenclature
Symbol Meaning
a Thermal diffusivity
A(T) Temperature dependent absorptivity
A Total absorptivity of the keyhole
Apsysa, Ari Areas of A5754 and Ti melted zones
Ay Absorptivity of the flat surface
Ap Aspect ratio of the keyhole
A, Einstein’s spontaneous emission coefficient
c Speed of light
Ci Molar concentration of the species
Cy Thermal capacity at constant pressure
Co, Cy Classes of pixels with gray level values between
’ [0,1,2,...,Tp] and [T, + 1, Ty, + 2, Ty + 3, ..., L]
dr Global dilution of Ti in melted zones
; Stokes-Einstein diffusion coefficient
s Spatter droplet diameter
E, Energy of the quantum level n
Epmin Minimum energy for vaporization
51(2 lonization energy
E,; Spatter ejection energy
In Degeneracy of the quantum level n
g](zlz Statistical weight for element j
g](.Z“), g;i Statistical Weights for states z + 1, z
Je Statistical weights for electron number
g Acceleration due to gravity
h Planck’s constant
I Relative intensity of atomic emission
Lneasured Measured intensity of thermal radiation
i Gray level value, complex number
] Quantum number related to angular momentum




Ji

Quantum number for state i

K Thermal conductivity
k, Complex part of refr_acti_ve index _(a}ttenuation
coefficient/extinction coefficient)
kg Boltzmann’s constant
L Bit depth / Number of gray levels
L5(A,T) Spectral radiance of a blackbody
Laos s (T) Luminance in the region (}Eli?ra 394 nm optical bandpass
Lazonm(T) Luminance in the region (}1;;[2? 810 nm optical bandpass
L, Latent heat of vaporization
Lo Lorenz number
m Atomic mass
Ma Local Mach number
me Mass of electron
mg Emitter mass
m Vaporization mass flux
M, Molar mass
n Real part of refractive index (phase velocity)
N Total number of pixels
n; Number of pixels with gray level value i
n Refractive index (complex)
N, Population at quantum level n

(z+1) »(2)
NN

Number densities of states z + 1, z

Nj(z) Number density of element j at degree of ionisation z
NY McWhirter criterion/Minimum electron number density
N, Electron number density
Slope of Boltzmann plot
Dr Recoil pressure
Di Probability of occurrence of gray level value i
P;_4, P Keyhole penetration depths in successive frames




Py Melted zone depth at joint line
Prax Maximum keyhole/melted zone penetration depth
P, Relative probability of a specific quantum state n
Psat Saturated pressure
Paim, Do Atmospheric pressure
Py(Ty), P1(Ty) Cumulative probabilities corresponding to Cy, C;
q" 2D Heat flux
Q(t) Total heat rate
Q 3D Heat flux
Qo Maximum volumetric heat flux density
R Ideal gas constant
Te, T Upper and lower 3D cone radii
Ty Solute radius
R, Beam radius
T Temperature
t Pulse duration
T, Vaporization temperature
S Surface temperature
T Melting point
Tion lonic temperature
Ty Excitation temperature
T, Electronic temperature
T, Maxwellian distribution of temperature
Txn Temperature of the Knudsen layer
T, Threshold of gray value
To Temperature at a point
U, Welding speed
Up Spatter droplet velocity
u,u, Velocity field
Uj(z) Partition function of element j
Vy Emitter velocity




V; Instantaneous keyhole drilling velocity
v Average keyhole drilling velocity
Z Partition function
Zo, Zj 3D cone length parameters
a Incident angle
B Thermal expansion coefficient
B Recombination coefficient
6(T) Electrical resistivity
At Uncertainty of time intervals during measurement
AE Uncertainty of energy of atomic system
Mf/z Halfwidth of a Gaussian line shape function
AH, Phase transition enthalpy
AE,., Largest energy gap between adjacent levels
€ Thickness of the interface
Eul Spectral radiance
& Real part of relative permittivity
& Complex relative permittivity
&, Complex part of relative permittivity
y Mobility of the interface
A Wavelength of light
Ag Spontaneous emission wavelength
Apq Doppler shift of wavelength
Ame Mixing energy
U Overall mean gray value
to (Ty), uq (Ty) Mean gray levels corresponding to C,, C;
v Frequency of light
¢ Phase field function
p Mass density
Pref Reflectance
Pm Melt density
o Surface tension
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O Electrical conductivity
oy Standard deviation in intensity during profile fitting
Omn Logarithm of standard deviation
Om Surface tension at the melting point
op Standard deviation obtained during liner regression
or Standard deviation in estimation of atomic temperature
o (Ty) Between-class variance
0l (Ty), o2 (Ty) Variances corresponding to Cy, C;
a2(Ty) Within-class variance
X Mobility turning parameter
Wpq Doppler shift of angular frequency
Q Laser spot position relative to the joint line
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Context

The team “Laser et Traitements des Matériaux” situated in Le Creusot, France, a part of
“Procédés  Mcétallurgiques, Durabilité, Matériaux” department of “Laboratoire
Interdisciplinaire Carnot de Bourgogne” has been involved in the research about assembly of
metallic materials by high energy processes such as laser, electric arcs, and thermal spraying.
The issue of assembly of metallic materials is tackled from different angles by studying
processes happening during and after the assembly.

The improvisation of the durability or mechanical performance of laser brazing by optimization
of the operational conditions was done for steel/aluminum [1]. The thermogram of the surface,
temperature profile during this process, and the thermal field in the structure was measured by
an infrared camera [2]. The evolution of the observed temperatures was studied along with the
geometry of the keyhole for laser and hybrid (laser + MIG) welding, which led to a conclusion
stating that mathematical modelling or simulation require more than just a formulation of a
power supply but rather the internal temperature data [3]. Simultaneously, the interaction of
the laser and the material was being uncovered by identification of the relationship between
theory and experiment in the absorption coefficient values of metals like aluminum and
magnesium when welded by Nd:YAG laser [4]. The relationship between the surface
conditions (roughness), material removal rate and the operational conditions was construed for
metals like stainless steel, titanium alloy, aluminum alloy [5]. In addition, methods such as the
effects of powder on selective laser melting and inserts in dissimilar laser welding have also
been studied on separate occasions [6], [7].

Similar surface treatment studies were also conducted for surface characterization with a Q-
switched Nd:YAG nanosecond laser for titanium substrates [8]. Following up on the
characterization of the laser material interaction and the changes in the metallurgical properties
in the treatment with a nanosecond laser, several studies were conducted which involved the
study of the laser plasma plume structure, nano-particles formed in the plasma plume
(experimental: X-ray scattering, numerical: hydrodynamic code coupled with nucleation
model), influence on the surface through oxygen, nitrogen insertion in the surface of the metals,
etc. [9]-[15].

Several numerical simulation studies were done to complement the experimental work. To
start, the morphology of the dissimilar copper-steel electron beam welds were done using level-
set method to study the shape, fluid flow and mixing patterns [16], which led to a multiphysical
model that included diffusion in dissimilar welding [17]. And then a different method called
‘phase field method” was used to create the models since it allowed intense mixing while
convection of immiscible liquids was fairly limited with the previous ‘level-set’ method [18].
And then the models were built for hybrid laser/MIG welding using an equivalent heat source
[19]. 3-D multiphysical models were built to study the transport phenomenon coupled with
diffusion for laser welding of steel which allowed the observation of the Marangoni effect
which leads to the hourglass shaped welds [20], [21]. Mechanical properties such as residual
stresses were also studied for laser welding of dissimilar materials [22]. Limitations in the
previous models which led to mismatch with the experimental results were studied and
corrected through multiple modifications in the model [23]. Progress was achieved in building
the keyhole model for continuous welding as well [24].

Similarly, validation of the simulations was also done by experimental work. For example, the
thermal and surface strain fields were studied using thermocouples and IR imaging in order to
validate the thermo-mechanical simulations of hybrid welding [25]. Another imaging method
using polarimetric parameters was also developed to observe the thermal radiations by the melt
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pool for arc welding [26]. Vision based algorithms were developed with the objective to
compute wire extension in gas metal arc (MAG)/laser hybrid welding while simultaneously
detecting the path of the melt pool [27] which is one of the first step taken towards the journey
to reach laser welding process control in this team. Laser/electron beam welding between
dissimilar metals have been a topic of interest [28] for quite some time now due to the problems
in the control and weld zone quality. The differences in the melting and vaporization
temperatures between the two materials can produce highly asymmetric welds and several
defects in the melted zone. Similarly, differences in thermal diffusivity and laser absorptivity
can also lead to defects due to asynchronous melting and vaporization. A strong gradient of
physical properties across the melted zone and the presence of undesired brittle intermetallic
phases can lead to poor weld quality and cracking. Thus, the compatibility/incompatibility
between the different metals (Figure 1) not only makes dissimilar welding difficult in some
cases but also as an interesting subject to be studied and understood. And so, instead of using
only statistical optimization techniques to make advancements in the process control, it
becomes necessary to better comprehend first, the phenomenology of the complex processes
in laser welding of dissimilar materials, as those details can let us understand the observations
made, while providing complementary information to optimization techniques from a physical
point of view.

Introduction

Laser welding has been a topic of interest in the applied physics community for more than half
a century, ever since the invention of the laser. There is large interest in studying the application
of laser in the process of joining metals due to several advantages:

e Good control of the process, excellent reproducibility, and increased quality enables
new part designs.

e Precision of assembly, narrow beam that allows, for example, welding at the bottom of
the groove or in inaccessible areas by conventional techniques.

e reduced energy input and low component heating, for example, for the manufacture of

hollow bodies or for the manufacture of compact electronics.

small deformations allow the use of light clamping tools.

thorough or little post-weld recovery or straightening to build finished parts.

One-pass welding, eliminating lengthy preparation and partial turning operations.

Overlap welding without contact and with access from only one side.

Reduction of consumables: no welding filler, no electrode wear.

Short cycle time due to high welding speed.

overcomes the problems from magnetic effects.

optical fiber for the YAG laser suitable for the assembly of large parts or for multi-

station work

possibility of assembling dissimilar materials.

e possibility of welding and cutting with the same source, for example, cutting of the
worn part and welding of a new part.

Research in this area is usually driven by the applications of the materials which need to be
welded. And by this context, the weldability of metals such as titanium and aluminum hold
high interest in this field. These metals have enormous potential in terms of applications due
to their properties, availability, and cost.

The properties of titanium which allow for its numerous applications also play a crucial role in
its weldability with aluminum. The relationship between these properties and the physics
behind the phenomenology, for this combination of dissimilar laser welding is one of the
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significant aspects of this thesis. The importance of understanding this dissimilar laser welding
phenomena is not only application oriented but also concerned with the scientific progress in
terms of understanding the underlying physics principles in this complicated process.

Over the years, a large number of useful applications have been developed from these
materials, and the need to weld them together has been a primary interest in many of these
industries. However, laser welding, which is a very complicated process, becomes even more
difficult to understand when welding dissimilar materials due to incompatibilities in their
physical and chemical properties. This is the reason why many articles describing the
phenomenological process of laser welding of standalone materials from different points of
view have been published, while such phenomenological descriptions for dissimilar welding
are meagre in comparison. The materials which were studied for dissimilar laser welding in the
context of this thesis were T40 commercially pure titanium and the A5754 aluminum alloy.
T40 has higher absorptivity (40%) compared to A5754 (10%-30%), higher melting
(T40 — 1941 K, A5754 — 883-902 K) and boiling (T40 — 3560 K, A5754 — 2792 K) points, but
lower thermal diffusivity (T40 —9.4 x 10° m?/s, A5754 — 98.8 x 10® m?/s). These physical
properties render them to be only fairly compatible (Figure 1) by nature if we try to weld them
using a laser. However, a wide community of researchers in both academic and industrial
domains over the course of time have developed a wide variety of methods to study, understand
and improvise the laser welding of titanium and aluminum by a laser [29]-[35]. The A5754
aluminum alloy was chosen to be studied instead of pure aluminum due to the presence of
elements such as magnesium and manganese in the alloy, which may yield some insights from
the perspective of spectroscopy. The dissimilar combination of A5754 and T40 were chosen
because this combination has already been well studied from a metallurgical point of view and
so, the remaining work shall be dedicated to understanding the physics of the interactions.
Hence such a dissimilar combination with such mismatch in the thermal and spectral properties
can yield notable results.
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Figure 1. Laser weldability of binary metal combinations. (E = excellent, G = good, F = fair, P = poor,
* = no data available) [28]

Thesis objectives

Since laser welding research in this laboratory has been done mainly over the metallurgical
aspects of the materials, and most of the studies in the laser welding research community has
been dedicated to the welding of standalone materials, this thesis approaches laser welding of
dissimilar metals from a phenomenological point of view. Previous studies on the dissimilar
welding of titanium alloy and niobium showed that the weld was asymmetrical [36]. And this
asymmetricity depends on the operation conditions and does not necessarily follow the position
of the laser spot. And since the behavior of this keyhole largely influences almost all the
complex processes (velocity fields in the melt pool, melt pool dilutions, extent of the heat
affected zone, penetration depth, vapor plume behavior, etc.) involved in laser welding,
understanding it has been the primary concern. The primary aspect of this asymmetric keyhole
is the tendency of its root (bottom-most point) to shift towards one of the materials. While some
authors observe that this root tends to shift towards the material with more laser absorptance,
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others find that the root tends to shift towards the material with the lower vaporization
temperature [37], [38]. In-situ characterization of the capillary (1.2.4) thus becomes essential
to observe and understand the mechanisms which lead to the formation of this asymmetry.

Besides the keyhole behavior, another interesting feature being explored in the recent times, is
the vapor plume behavior [39]-[52]. While the research on the dissimilar vapor plume is just
beginning, it is clear that the vapor plume and the distribution of the elements in the melted
zone are strongly linked [53]. Unlike the common ground where researchers are well set on
the methodology and parameters for the observation of the keyhole, the in-situ observation
methods and analyses of the vapor plume are yet to be defined. And so, before establishing a
convention, it becomes even more necessary to relate every step of the method to the
observation and findings and only then the dissimilar vapor plume’s phenomenology can be
studied in a relatable manner. A part of this thesis attempts at providing a more detailed
explanation and resolution to this problem. Another important subject in the laser welding
community is the spectroscopic characteristics of the melt pool and the vapor plume. Once
again, this subject matter of research is concentrated on one side towards the laser treatment of
materials using nano-second pulses in Laser Induced Breakdown Spectroscopy (LIBS) [54],
and less about either lasers with longer pulses or continuous lasers due to physical limitations.
Similarly, the numerical modelling of the laser welding has been repeatedly done to simulate
the keyhole and the melt pool due to well understood underlying physics [55], while such works
for the vapor plume are almost non-existent. However, in-situ observation and spectroscopy
are necessary to obtain data such as temperature, shape/asymmetry of the keyhole, nature of
the vaporized species, which can be used to build and validate numerical models. This thesis
is oriented towards filling these gaps in knowledge by studying the case of the dissimilar laser
welding of titanium and aluminum.

The chapter 1 will focus on the subjects like laser/matter interaction, the keyhole and melted
zone phenomenology, vapor plume and plasma behaviors, experimental techniques such as
High-Speed Imaging (HSI), spectroscopy and finally, numerical models concerning this
process which describe the keyhole, the melted zone and the vapor plume. This chapter will be
concluded with the research gap that remains in the field of dissimilar welding, novel
techniques which could be used to fill this gap and the work that has been done during this
thesis.

In the chapter 2 the experimental techniques employed during this thesis to understand the
dissimilar laser welding are described. The properties of the materials studied, laser welding
installation, the schematics of different setups for the different experiment campaigns
conducted during this thesis, data volume and treatment methods are presented. Noteworthy
information in HSI and spectroscopy such as the image processing techniques, details on
apparatus capabilities and limitations will be discussed. And then, the processes involved in
post-mortem analysis such as sample preparation, microscopy, etc., will be explained in detail.

Continuous laser welding is discussed in chapter 3 from the perspective of HSI, spectroscopy
and post-mortem analysis. The experimental setup is reintroduced along with supplementary
details which were not mentioned in chapter 2. The chapter 3 consists of three sections: Two
sections are dedicated to the vapor plume analysis with HSI and spectroscopy, and the third
section described the melted zone studies from post-mortem observations.

Chapter 4 is dedicated to pulsed laser welding in butt-configuration, which will provide insights
on the keyhole properties and the vapor plume behavior under several sections. After a brief
introduction in the first section of this chapter, the second section discusses the preliminary
pulsed welding studies on the HSI observations of vapor plume and post-mortem examination
of the corresponding melted zones. The third section, after a brief discussion about the post-
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mortem observations of the melted zone, is dedicated to a deep analysis of the vapor plume in
pulsed welding with multiple sub-sections dedicated to image processing and data treatment.
The third section ends with a discussion and results about the vapor plume. The fourth section
of this chapter is dedicated to keyhole and melted zone studies done with HSI and post-mortem
analysis. The fifth section is dedicated to emission spectroscopy of the vapor plume in pulsed
dissimilar welding in the butt-configuration. The chapter ends with a comprehensive summary
of the results and conclusions from HSI and spectroscopy about the vapor plume and the
correlations between the keyhole/melted zone and the vapor plume.

Overlap welding with laser pulses is discussed in chapter 5. The introduction and experimental
details are given in the first and second sections respectively. The second, third and fourth
sections are dedicated to post-mortem observations, HSI results and emission spectroscopy in
pulsed overlap welding. The fifth section briefly discusses the summary of the results from the
three techniques before the conclusion of this chapter.

The final chapter 6 briefly recalls how the thesis was structured along with the most notable
observations, hypotheses, and conclusions. The methodology in image processing and analysis
developed for high speed imaging of the vapor plume during the period of this thesis is briefly
recalled. A global perspective on the vapor plume is provided by correlating with the most
significant conclusions from emission spectroscopy. Along with brief details on the
relationship between the vapor plume and the keyhole behavior for both butt- and overlap-
welding, perspectives on next steps which could be taken to confirm the findings from this
thesis and to further the understanding of laser welding phenomena are briefly enunciated.

In the annex, a published work in the context of numerical of modelling of the keyhole and the
vapor with COMSOL Multiphysics has been provided. In addition, the work in numerical
modelling of the keyhole which was done alongside the overlap welding experiments in
Chapter 5 is also provided.
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Chapter 1. Bibliography
1.1. Laser Welding

1.1.1. Laser matter interaction - Context

Applications foreseen focus most of the research in this field to understand the influence of the
different process parameters on the weld quality, because the weld quality determines the
robustness and applicability of welded joints [56]. Although the capital cost of laser welding is
higher than other conventional methods, the superior weld quality compensates for this
additional investment [57], because high welding speed leads to high production rates [58].

In practice the quality control is usually done post-mortem, but the research community is more
focused on developing methods to perform quality analysis in situ. X-ray tomography has been
used in addition to high-speed imaging (HSI) for 3D reconstruction of the melt pool geometry
[59]. Real-time in-situ observation of weld penetration for TIG welding was done using
ultrasonic transducers performed with sample temperature limiting the observations [60]. By
inspecting the disruption of eddy currents when an alternating current is introduced into the
sample by magnetic induction, cracks in the material were detected [61]. But this technique is
limited by several factors such as material composition, heat treatment, etc., and its inability to
detect defects parallel to the surface eddy current flow [62].

It is imperative to first understand the laser matter interaction which happens in the laser
welding process to comprehend the above-mentioned complex techniques of quality analysis.
Laser welding is basically using a coherent beam of monochromatic light to heat an object to
temperatures high enough to produce fusion through melting [28]. Laser welding can be
performed in three modes: penetration or keyhole, conduction, and transition mode [58].

After the Helium-Neon lasers, the CO> lasers were developed to deliver high power (3 —
10 kW) for welding and machining research [63]. While the CO: laser was used earlier for laser
welding, disk lasers with higher power, efficiency and optical quality are preferred in the recent
times [64]. Nd:YAG laser is preferred for laser welding of thin materials due to several
advantages such as lower heat input and higher flexibility with the laser parameters such as
peak power, pulse time, spot size, welding speed, etc. [58]. However, certain materials like
aluminum are better absorbers of CO. laser than the YAG lasers [65]. Therefore, the
compatibility of the materials to the wavelength of the laser (Figure 2) used in welding plays a
major role in choosing the appropriate laser source in dissimilar welding.
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Figure 2. Wavelengths of some of the lasers [66].

The YAG lasers are capable of emissions in the infrared spectral regime around 1 pm range
(Nd:YAG — 1060 nm, Yb:YAG — 1030 nm) in either pulsed or continuous mode. When such a
powerful laser beam is focused on a metal surface, under the right conditions, the metal surface
undergoes melting and then vaporization. This melting (which creates a melt pool) and
vaporization that happens in and around a hole (capillary or keyhole) (Figure 3), is controlled
by an interplay of different operational parameters.

In pulsed welding, the incident beam is generally stationary during the pulse time. Whereas in
continuous welding, the beam moves relative to the metal piece on the joint line with a specified
velocity in either a straight line or in different oscillatory patterns.

The process of formation of the keyhole and the melt pool depend on a multitude of parameters
constituted by; 1) the parameters of the laser such as power, pulse time, intensity profile, etc.;
2) the welding condition such as the welding speed, oscillating pattern, incident beam angle,
shielding gas, filler material, configuration of the metal plates, etc. and; 3) the material
properties such as melting and boiling point, absorptivity at the laser’s wavelength, thermal
conductivity, viscosity, etc. which are interdependent on each other as most of them vary with
respect to change in temperature.

And so, the case of dissimilar welding of two metal pieces together with different properties
complicates the welding process even further due to mismatch in the material properties, giving
rise to the asymmetrical nature of the keyhole, incompatibility between the materials in the
joint (due to formation of intermetallic compounds) to name a few.
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Figure 3. Schematic for continuous laser welding.

To obtain the highest quality in the heat affected zone and therefore in turn, the solidified metal,
several post-mortem investigations have been done. However, researchers have been eager to
understand the processes occurring in the keyhole and the melted zone. In recent times, vapor
plume studies which describe the behavior of the vaporized metals emitted from the keyhole
have been trending, to analyze in situ, understand, predict, and quantify and compare the
welding process to the vapor plume behavior.

1.1.2. Types of laser welding.

In continuous laser welding, the incident laser beam on the material is uninterrupted. And so,
the weld joint formed from this uninterrupted laser irradiation is also continuous instead of
being just a series of spots as in pulsed laser welding. Continuous laser welding of 5083
aluminum alloy with the Yb:YAG laser was studied to understand the relationship between the
laser parameters such as power and beam profile with the interaction time and the weld
properties [67]. Continuous laser welding is usually plagued due to the formation of porosities
from the unescaped gas and the intermixing of the metals [68]. Several techniques have been
developed to reduce this drawback of continuous laser welding. To enhance the coupling of
laser energy with the material, parallel water flow has been used to perform underwater wet
welding without too much scattering and loss of radiation in the water [69]. Lowering the
ambient pressure which leads to lower evaporation temperature of the material, consequently
produced higher laser-matter interaction which deepened the keyhole of aluminum alloy [70].
The dissimilar welding of pure copper and aluminum alloy was performed with a wobbling
laser head that introduces spatial beam oscillation, which led to a higher degree of control over
the aspect ratio of the weld seam with higher quality in terms of hardness and electrical contact
resistance [71]. Several different modes of beam oscillation (Figure 4) have been studied along
with their effects on the melt flow, joint quality etc. for the welding of B-21S titanium alloy
[72].
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Figure 4. Types of beam oscillation modes [72].

Pulsed welding offers more process control and a better seam while producing deeper
penetration than continuous welding. Because continuous welding with fewer control
parameters (welding speed, laser power, focal distance) than pulsed welding (power, duration,
repetition rate, peak power, etc.) is not able to provide the advantages of pulsed welding such
as lower heat input, shorter welding cycle, spatial input precision, ability to weld small
components etc. [73]. Pulse repetitions can be performed while the metals are moved with a
welding velocity where the pulse overlaps. Since this method offers better control over the
heating rate, cooling rate, thermal cycle repetitions in the material, the properties of the welded
joint are better controlled. The overlapping factor is calculated using various equations which
consider the pulse energy, duration, repetition rate, travel speed etc. [74]. This overlapping
factor’s effect on the microstructure and mechanical properties of Ti6Al4V weld joints have
been investigated [75]. In dissimilar welding, the intermixing of materials is undesirable and
leads to poor quality joints. The modification of the beam profile from rectangular to
ramp-down, for pulsed welding of commercially pure titanium with stainless steel has shown
to reduce the formation of intermetallics [76]. Due to increased demands in production quantity
and quality over the last few decades and the advancements made in the field of laser
technology and robotics, many of these novel methods have been invented and implemented
in the industries, while the research community still lags in catching up to understand these
processes completely. To say it even more plainly, we still lack the complete picture in basic
dissimilar laser welding without using any of the fancy processes like beam oscillation, beam
profile modifications, etc.

1.1.3. Laser matter interaction - Absorptivity

In the laser welding of a standalone material, its properties such as laser absorptivity, thermal
diffusivity, melting point, boiling point, density, viscosity, etc., guide the process since most
of these properties behave as a function of temperature. However, among these properties, only
absorptivity is dependent on the laser wavelength (Figure 5) and thus consequently affects the
surface temperature.
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Figure 5. Wavelength dependence of the absorptivity for different metals [77].

In the process of dissimilar welding, the compatibility/incompatibility of the materials
influences the nature of the welding process and the quality of the weld joint to a much greater
extent. However, the very first factor that decides the direction of the process is the difference
in the laser-matter interaction which is exhibited between the two materials. In other words,
the absorption coefficient of the materials at the wavelength of the welding laser plays a major
role in determining their compatibility. The absorption coefficient of a metal, also known as
the extinction coefficient or attenuation coefficient (k), is defined by the amount of light that
is attenuated by the material. This attenuation coefficient is calculated from quantities such as
the refractive index or the relative permittivity from experiments such as ellipsometry and
reflectometry. the complex refractive index of the material (n) is,

[78] n? = (n+ ik.)? 1
And since the complex relative permittivity of a material () is given by
[79] & =& + 1€ =n? 2

The attenuation coefficient is,

[79] k, = |§r|2— & 3

Due to differences in the refractive indices of the two materials in dissimilar welding, coupled
with other phenomena like multiple reflections from beam-solid coupling, temperature
dependent reflectance, plasma shielding effects of the vapor plume, self-focusing in the vapor
plume, light-scattering due to microscopic surface imperfections, incident angle dependence
on subsequently produced macroscopic surface imperfections, etc., the laser-matter interaction
process defined by the absorption coefficient alone in dissimilar welding becomes quite
complicated.

Two types of absorption mechanisms are identified with laser welding: Fresnel absorption and
Inverse Bremsstrahlung absorption. By the continuous welding of glass using CO: laser, the
Fresnel absorption and reflections in the keyhole were identified to be different between the
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front and rear keyhole walls due to the keyhole shape [80]. This Fresnel absorption contributes
the maximum amount of energy transfer from the laser to the material. This absorptivity is
composed of both the intrinsic property of the material and supplementary absorptivity from
surface phenomena such as roughness, defects and impurities, adsorbed substances etc. [81]
and a discussion in detail could lead to several chapters. However, to state it in simple terms,
absorbance depends on the angle of incidence by,

[82] spectral absorbance = 1- (reflectance + transmittance) 4

And reflectance p,.f is dependent on the incident angle « by [83]

1 2
1|(n — cosa)? + k? (n - (cosa)) + k¢ .
2|(n+ cosa)? + k2 ( 2

1 2
n+ (cosa)) + k¢

[83] Pref =

To maximize this absorption process and reduce the formation of defects simultaneously,
techniques for surface treatment such as sandblasting [84] or cleaning using pulsed laser [85]
are developed for high quality applications. Absorptivity has been measured for laser
processing of metals with CO2 and Nd:YAG laser using integrating sphere radiometry [86].
Higher absorption has been observed using integrating sphere radiometry for dissimilar
welding of aluminum and steel compared to welding the standalone materials [87]. Since the
laser absorption changes by the incidence angle (Figure 6), Fresnel absorption is not only
different between the front and the rear keyhole walls, but also it is distributed along the
keyhole wall itself due to temperature dependent reflections. The absorptivity of the keyhole
depends on the distribution of the laser energy on the keyhole walls [70]. And so, with the
offset in the absorption coefficient between different materials in dissimilar welding, the laser
absorption in the keyhole where each wall exhibits differences in absorption, temperature, and
reflectivity, augmented by the energy transport through conduction and convection processes,
the phenomenon of dissimilar laser welding becomes very convoluted. And this increase in
absorptivity in relation to the depth of the capillary in laser cutting has been well noted in
literature [88], [89] and a similar phenomenon occurs in the laser welding keyhole as well [90].
Especially, with the changing shape of the surface (aspect ratio of the keyhole), the absorption
of the laser in the keyhole could be very different at each moment than just the absorption on
a flat surface with an incident angle [91].

Ao

[91] A= vaA) +1-A,

1
24, - Ao)) 6

(2 + 44, —
where A is the total absorptivity of the keyhole, 4, is the absorptivity of the flat surface, and
Ay, is the aspect ratio of the keyhole.

Fresnel absorptivity usually is around 30 to 40 % for liquid metals at 1060 nm laser wavelength
[81]. The relation between thermal conductivity and the temperature dependent laser (infrared
regime) absorptivity (for a polished metallic surface) is explained through the Hagen-Rubens
model by relating to the temperature dependent electrical resistivity,

[92] A(T) = 0.365 @ 7

where A(T) is the temperature dependent absorptivity, A is the wavelength of the laser and
&(T) is the electrical resistivity, while the Wiedemann-Franz law connects the thermal
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conductivity (K) to electrical conductivity (o,) by the Lorenz number (L, = 2.44 x 10 V?K??)
and temperature (T)

[93]
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Figure 6. A) Absorptivity as a function of incidence angle [94] (direct diode lasers) and B) Calculated
absorbed laser power distribution for keyhole depths 238 pum (1,3) and 476 um (2,4)[90].

Understanding the laser-matter interaction is the first step to understand the entire laser welding
phenomenology. Because, by understanding the type of laser interaction (pulsed or
continuous), and the consequent relationship between the laser parameters (wavelength, power,
pulse duration, etc.), the material properties (absorptance in solid, liquid, gaseous state, self-
focusing plume, surface roughness, etc.) and the process conditions (angle of incidence,
temperature, keyhole depth, etc.), the first steps in understanding the key relationships between
the different processes in laser welding are taken.

1.2. Keyhole Phenomenology and Observation Methods
1.2.1. Melt pool and Recoil Pressure

After the laser-matter interaction, the physical phenomena occurring in the keyhole and melt
pool form the second part of the story. Once the laser starts to heat the surface of the metal, it
transitions into a liquid after the melting point threshold is crossed, followed by the liquid to
vapor transition at the threshold of the vaporization temperature. While these phenomena exist,
during the liquid to vapor transition, the recoil pressure exerted by the vapor on this liquid layer
pushes the liquid to the sides leading to the development of a capillary or the keyhole (Figure
7). In deep penetration laser welding, this keyhole is surrounded by the melted zone in both
pulsed laser welding [58] and continuous laser welding [68].
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Figure 7. Effect of recoil pressure.
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The liquid layer surrounding this capillary forms the melt pool, which in continuous welding
exhibits several types of behavior depending on the welding parameters. According to Fabbro
et al. [95], five different regimes (Figure 8) were observed for the Nd:YAG continuous laser
welding of stainless steel at different welding speeds with the laser power and spot diameter
kept constant : 1) The Rosenthal regime, 2) The Single Wave regime, 3) The Elongated
Keyhole regime, 4) The Pre-Humping regime and 5) The Humping regime. The differences in
the characteristics of these regimes such as the shape, size and stability of the keyhole, the
position of the melt pool, the convection phenomena in the melt pool, the temperature
distribution, the direction of spatters, etc., arise with the welding velocity as its origin. In other
words, the effect of the welding velocity which defines the amount of energy imparted on the
material per unit length, is multiplied several times by accompanying coupled processes in the
keyhole such as the keyhole depth, keyhole opening diameter, multiple reflections, recoil
pressure, the fluid flow in the melt pool etc. The inclination of the front keyhole wall is small
for the Rosenthal regime and is significant for the Single Wave regime and the Elongated
regime. The inclination does not vary by much in the Pre-Humping and the Humping regime.
This shows that, for optimizing welding speeds, the change in the inclination of the front
keyhole wall is very important. While there are different processes contributing to these
regimes such as heat conduction, conventional heat convection, Marangoni convection, etc.,
the importance of recoil pressure in creating these phenomena and maintaining the stability of
the keyhole cannot be exaggerated enough. Because even if the welding velocities, beam
oscillations, etc. can influence the keyhole and the melt pool, the recoil pressure remains the
heart of the whole welding situation, having an influence on every phenomenon, especially the
melt pool. For example, in the welding Al-6Mg alloy using beam oscillation, the flow of the
melt pool was influenced only by the recoil pressure in the non-oscillating beam mode, and in
the oscillation mode, the flow was influenced by both the recoil pressure and the beam
oscillation [96]. The recoil pressure is often expressed as

_ (45

[97] Dy 5

Psat 9

Where, S, is the recombination coefficient (value between 0.18 to 1) which takes into account
the mechanical forces of recondensation and the Mach number dependent vapor phase change
dynamics through the Knudsen layer [97]. Py,; is the surface temperature dependent saturated
pressure that is described by the Clausius-Clapeyron equation.

ML, /1 1 1
[97] Psat = Patm exp( . v<___)) 0

R \T, T,

Where, P, is the atmospheric pressure, M, is the molar mass, L, is the latent heat of
vaporization, R is the ideal gas constant, T, is the vaporization temperature and Ty is the surface
temperature. Experimental measurements of the momentum exerted from the recoil pressure
were in the order of a few MW.cm™2 [98]. This pressure value has been measured to be about
1.5 bar for Nd:YAG laser welding of steel [99].
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Figure 8. Laser welding keyhole regimes of the melt pool [95].
1.2.2. Knudsen layer

As much as the welding process characteristics depend on the parameters, their relationship
cannot be construed directly with the recoil pressure phenomenon. Because, the recoil pressure
which is exerted by the metallic vapor is not exactly on the surface of the liquid, but rather on
a very thin intermediate film where the liquid vapor transitions happen, called the Knudsen
layer [100]. The Knudsen layer is fundamentally a correction, acting as a solution to the
boundary layers between the liquid (incompressible Navier-Stokes flow) and the gas
(compressible Navier-Stokes flow) in order to maintain continuity of the macroscopic variables
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such as temperature, velocity, mass flux, density, etc. in the direction normal to the boundary
[101].

The thickness of this Knudsen layer (usually in the order of mean free path of the gas
molecules) has been theoretically estimated to be below 10 um by [102]. And so, the properties
of this layer are difficult to be identified by experimental methods such as atomic emission
spectroscopy. The microscopic processes occurring within this layer by the thermodynamics
between the liquid edge and the vapor edge, and the balance between vaporization and
condensation affect the macroscopic processes such as recoil pressure, saturated pressure and
the temperature gradients within the keyhole and the hottest layers of the melt pool. Three
different interlinked regimes such as the Knudsen layer, the condensation regime on the
vaporization edge and the hydrodynamic regime on the melt pool edge have been theoretically
analyzed to understand the mass, momentum, and energy balance. The temperature boundary
between the liquid surface and the vapor in the keyhole is considered to be in the layer (Figure
9) just outside the Knudsen layer, where the vapor reaches a new thermodynamic equilibrium
after undergoing collisions in the Knudsen layer [103] .

Knudsen Contact Shock
layer discontinuity wave
o Vapor Compressed .
Liquid motion moving air Amb!ent
surface air

Figure 9. Schematic diagram of the gas dynamic and air away from a liquid surface at an elevated
temperature [103].

1.2.3. Surface tension

Even though the recoil pressure plays the main role in the formation of the keyhole in laser
welding, surface tension (one among the several forces in the melt pool such as Marangoni
force, arc drag force, Lorentz electromagnetic force, buoyancy force) of the liquid metal (with
the tendency to minimize the surface area) acts as an opposing force with a tendency to close
the keyhole [103]. One of the consequences of this surface tension is the undesired spatter
formation. The mechanisms of spatter formation have been studied in varying levels of detail
by several researchers. In a simplistic manner, Kégeler and Schmidt state that the spatters in
continuous laser welding are formed when the vapor pressure (ablation pressure, gas stream
pressure) exceeds the surface tension (hydrostatic, hydrodynamic pressure) of the keyhole
[104]. Li et al. have studied the effects of laser power and the position of the focal spot (above
or inside the metal) on the formation of spatters [105]. Robertson et al. provide a heuristic
spatter formation mechanism while describing four different types of material ejection events:
protuberance, scalloping, melt migration and spattering [106]. These hydrodynamic
phenomena driven by the conduction and convection of heat in the melt pool [107] can be
estimated in the energy in ejection (E, ) of a single droplet of melt using its diameter D, surface

tension (o), melt density (p,,,) and droplet velocity (up).

107 bim , 2 11
[107] Eej = pm?uD+aDsn
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The temperature dependent surface tension of the liquid influences the inner liquid layers by
shear viscosity thereby influencing the convection. This gradient in the surface tension over
the varying temperature produces the thermocapillary Marangoni convection.

do
o(T) =0, + 3T (T —-T,) 12

Where, o(T) is the temperature dependent surface tension, o, is the surface tension at the
melting point and T, is the melting point of the liquid metal. g—: is the surface tension gradient

over temperature which drives the mixing of the liquid layers enacting heat transfer, giving rise
to intermixing of different molten materials. The sign of this coefficient of surface tension
gradient determines the direction of convection in the melt pool. Other than the thermocapillary
Marangoni convection, natural convection is also present (forces in lower orders of magnitude).

¥
A 2

1/
2 distance, I

.I
temperature, T —@-

(@) (b)

surface tension, Y

(c) T welding
direction

A
Y

.
.

1

A<y

temperature,T
(d) (e) (f)

Figure 10. Heiple's model for Marangoni convection in a weld pool: (a, b, ¢) low- sulfur steel; (d, e, f)
high -sulfur steel [109].

1.2.4. Keyhole observation, visualization, and characterization

surface tension,Yy

While many post-mortem studies exist to describe the characteristics of the capillary, very few
techniques exist to perform in-situ analysis of the capillary/keyhole behavior. X-ray flash
radiography or X-ray imaging has been used to observe the evolution of the geometry of the
keyhole in terms of its width and depth for the Nd:YAG pulsed laser welding of standalone
tantalum and standalone titanium alloy Ti-6Al-4V [110]. The keyhole evolution was described
to be linear after taking into account the contrast and resolution. This type of non-destructive
testing method employs a pulsing type X-ray generator and a panel-detector high-speed
imaging system setup In another study using an ultra-high-speed synchrotron X-ray imaging
in continuous welding of Ti-6Al-4V, five regimes of behavior: (i) melting, (ii) vapor depression
formation and growth, (iii) vapor depression instability, (iv) keyhole formation and growth,
and (v) melt pool shape change were observed [111]. In another similar study, the relationship
between the keyhole behavior and the process parameters were examined for the continuous
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welding of stainless steel with a Yb:YAG laser using X-ray radiography [112]. Pore formation
and related melt ejections arising due to keyhole instabilities have also been observed using X-
ray imaging for the Yb:YAG continuous welding of copper. It is clear from the images of the
keyhole produced from this technique that while X-ray radiography allows in-situ observation
of the keyhole, the grainy texture of the images accompanied with low sharpness can lead to
low accuracy in the calculations about the keyhole characteristics. In a more recent work, the
use of synchrotron to enhance the temporal and spatial resolution of X-ray imaging has shown
to produce higher quality images of the keyhole, which can lead to keyhole behavior studies
with a reliable degree of accuracy, while presenting some challenges [113].

Figure 11. X-ray image of keyhole A) [110], B)[114] C) [112], and D) [113]

Another emerging method that allows in-situ observation of the keyhole depth with a much
higher precision is Optical Coherence Tomography (OCT). The basic principle in this method
is the utilization of interferometry, where a beam of light from an illuminating source is split
into two and is made to interfere with itself after reflection from the keyhole (Figure 12). This
technique while offering high resolution in the depth calculations with precision in the
micrometer scale, it is limited by the several factors such as the relative positioning of the light
source to the laser spot, the sudden changes in keyhole depth leading to false values, bubble
formations, noise, etc. (Figure 13). In this image, mismatch between the inline coherent
imaging values and the microscope images are noticeable in the regions for large laser power
changes around 0.025 s and 0.1 s [115]. Due to the large number of points and the variations
from the actual weld depth, algorithms need to be developed for the statistical treatment of the
OCT signal to obtain the weld depth [116]. The OCT measurements’ relation to the laser beam
incidence angle, and the stability of the data for different welding processes have been
researched [117]. In laser spot welding, OCT has been used to observe the differences in the
depth measurements with and without the presence of argon shielding gas [118].
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Figure 13. Measured depths (green dots) overlaid on microscopy images of longitudinal cross section
[115].

In another trend, without using interferometry, automated systems are being developed using
optical methods such as the triangulation principle in high-speed imaging to track the seam
during laser welding to improve beam quality [120]. Other non-optical methods exist to
characterize the keyhole. Pyrometry is used to directly determine the temperatures in the
vicinity of the capillary [100]. However, the utilization of pyrometry is not preferred since
thermal measurement with pyrometers are related with emissivity and the estimation of
emissivity in laser welding processes is a particularly complicated task [121]. The study of
Acoustic Emission (AE) signals (usually in the ultrasonic regime) is also a part of research in
the laser welding community where the AE signal generating mechanisms have been linked to
the welding defects, however require the use of complex data processing algorithms and
artificial neural networks to handle the massive amounts of data points for measurement
stability [122], [123]. A combination of the acoustic and optical monitoring methods albeit a
challenging task and also while mostly depending on the mechanisms in the vapor
plume/plasma, has been shown to produce data about the penetration depth and weld quality
for different welding conditions [124], [125]. And in recent times, the use of multiple sensors
combined with deep learning models are becoming prevalent in keyhole monitoring [126]-
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[129]. For example, HSI at 500 Hz combined with spectrometer signals at 100 Hz were used
as input for a convolutional neural network to predict penetration depths by OCT for the
dissimilar welding of aluminum and copper alloys in the overlap configuration[130].

However, to observe the geometry of the keyhole, HSI has also been used as it offers higher
accuracy. But the keyhole can only be observed from above at an angle (Figure 14) due to
experimental spatial constraints [131]. Such observations combined with dynamic radial basis
function neural networks have been used to estimate the penetration depth and inclination angle
by establishing a relationship among the welding parameters, measurements and keyhole
dynamics [132].

Welding
Laser beam

Figure 14. Schematic for HSI of laser welding (top view) [131].

In order to avoid this limitation, researchers use quartz or borosilicate in a viable configuration
to directly observe the keyhole in a lateral view (Figure 15). In such an experiment, the laser
spot is usually shared between the metal and the transparent material [133]. Using this
technique, the migration of the keyhole (Figure 15) in the pulsed dissimilar laser welding of
magnesium AZ31 and aluminum A5754 alloys, was observed [134]. Just like OCT, this
technique using a transparent material to observe the keyhole is precise enough to provide a
feedback loop control in continuous dissimilar welding in an overlap configuration [135]. But
when it comes to HSI, an understanding of the spectral data of the emissions from the keyhole
and the vapor plume become necessary. Soda lime glass has been used adjacent to film the
keyhole in continuous welding by electron beam or laser due to its high thermal diffusivity
[136]. In another similar experiment with GG17 glass on both sides, a thin film of aluminum
(thickness = 0.02 mm) was welded with CO- laser to perform HSI on one side, while
spectrometry was performed on the other [137]. In the methods using a transparent material,
care should be taken to choose a material with: 1) a low thermal expansion coefficient, 2) sharp
solid-liquid and liquid-gas interfaces with significant differences between the melting and
boiling points, 3) equal permeability for light at different wavelengths, 4) high ionization
energy compared to the metals being welded [137].
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1.2.5. Dissimilar welding

In dissimilar welding, the compatibility of materials can either facilitate the welding process or
make it challenging. This compatibility between the different metals have already been
presented in Figure 1[28]. Based on whether these materials can form continuous solid
solutions (Cu-Ni, Ag-Au, etc.) or limited inter-solubility without the formation of intermetallic
phases (Cu-Fe, Cu-Co, etc.) or fragile intermetallic phases (Al-Fe, Ti-Fe, Ag-Ti, etc.), they
have been assigned 100%, close to 100% and zero, or close to zero, joint coefficients
respectively. The formation of intermetallic phases has been problematic in obtaining good
quality welds as they lead to fragility and cold cracking issues.

Nevertheless, while the metallurgical aspects of dissimilar metallic welding are not the focus
of this thesis work, the causes and effects of the several phenomena contributing to these
compatibility issues have to be understood.

Disparities in the physical properties like fusion and vaporization temperatures between
different materials have been noted to yield undesirable results in the melted zone in terms of
composition and shape which end up affecting the weld quality and strength. In some works,
it has been noted that the dissimilar laser welding of metals results in an asymmetrical keyhole
shape caused by the melted zone root shifting gradually away from the joint line during the
process. In literature, the displacement of the root of the melted zone away towards the metal
with lower vaporization temperature have been observed for the welding of titanium/tantalum
[37], Ti-6Al-4V titanium alloy/niobium [138] (Figure 16.b), AZ31magnesium alloy/A5754
aluminum alloy [134]. In instances where the disparity in vaporization temperatures was not
significant but the dissimilar metals exhibited disparate reflectivity towards the welding laser,
the melted zone root shifted away from the metal with higher reflectivity such as copper/steel
[139] (Figure 16.a) and copper/nickel [38]. Thus, it can be inferred that mismatch in the
vaporization temperature and reflectivity can contribute to the keyhole asymmetry.
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Figure 16. Post-mortem images of the melted zone development in a) Cu/Steel [139] and
b)Ti-6Al-4V/Niobium [138].

Not only was the shift in the position of the keyhole an effect in dissimilar welding, but changes
in the keyhole shape have also been observed in dissimilar welding while associating with other
properties such as laser spot position relative to the joint line, welding speed, etc.
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Figure 17. Changes in aspect ratio of the keyhole in relation to the laser spot offset from the joint line
in dissimilar laser welding of a) copper/steel and b) aluminum/magnesium [134].

A numerical study [140] was undertaken to understand further the association between the
melted zone root, the keyhole area and the mismatch in properties such as vaporization
temperature and absorptivity, which concurred with the results from the previously mentioned
experimental studies.

While most of these experimental works rely on the post-mortem analysis of the melted zone,
to understand the dissimilar keyhole development, in-situ observations of the dissimilar
keyhole are being done using the methods mentioned in the previous section 1.2.4, with each
technique posing its own set of advantages and challenges. However, for now it has become
quite obvious that, in dissimilar laser welding, the intricacies in the dynamics of the keyhole
behavior have to be understood to understand the evolution of the melted zone and henceforth,
the quality of the welded joint.

1.2.6. Conclusions

During laser welding, the laser beam heats the surface of the metal until it melts and
subsequently the keyhole is formed when the vapor pressure produced during the transition
from liquid to vapor pushes the liquid to the sides, creating a capillary shape. The liquid
surrounding the keyhole forms the melt pool, which exhibits different behaviors depending on
the welding speed, named as the Rosenthal regime, Single Wave regime, Elongated Keyhole
regime, Pre-Humping regime, and Humping regime. The recoil pressure, which is a result of
the vapor phase change dynamics and mechanical forces of recondensation, plays a significant
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role in the stability and characteristics of the keyhole and melt pool, and can be expressed using
the recombination coefficient and the Clausius-Clapeyron equation. Experimental
measurements of the momentum from the recoil pressure have been found to be in the order of
a few MW/cm?, with the values of the recoil pressure around 1.5 bar for Nd:YAG laser welding
of steel.

The recoil pressure that is exerted on the material during laser welding is not exactly on the
surface of the liquid, but rather on a thin intermediate film called the Knudsen layer, where the
liquid-vapor transition occurs. The properties of this layer, which is usually less than 10 pm
thick, are difficult to identify experimentally. The microscopic processes within the Knudsen
layer affect the macroscopic processes such as recoil pressure, saturated pressure, and
temperature gradients within the keyhole and the melt pool. Three different regimes, including
the Knudsen layer, the condensation regime on the vaporization edge, and the hydrodynamic
regime on the melt pool edge, have been analyzed to understand the mass, momentum, and
energy balance during laser welding. The temperature boundary between the liquid surface and
the vapor in the keyhole is considered to be in a layer just outside the Knudsen layer. While
recoil pressure plays a major role in the formation of the keyhole in laser welding, surface
tension also has an opposing force that can lead to the closure of the keyhole. This can result
in the formation of spatters. The temperature-dependent surface tension of the liquid metal can
influence the inner layers through shear viscosity and cause thermocapillary Marangoni
convection. Natural convection is also present, but with a much slower velocity field.

There are several techniques available for studying the keyhole behavior during laser welding
in situ, such as X-ray flash radiography or imaging, synchrotron X-ray imaging, optical
coherence tomography (OCT), and high-speed imaging using the triangulation principle. X-ray
radiography allows for the observation of the keyhole, but the images produced have low
sharpness and can lead to low accuracy in keyhole measurements. OCT offers high resolution
and precision in depth calculations at the micrometer scale but can be limited by various factors
such as the positioning of the light source, sudden changes in keyhole depth, bubble formation,
and noise. High-speed imaging using the triangulation principle can track the seam during laser
welding to improve beam quality. Non-optical methods for characterizing the keyhole include
pyrometry and the study of acoustic emission signals, but these methods also have their
limitations. Laser-induced fluorescence and scattered light techniques can provide information
about the keyhole temperature and the vapor pressure, respectively.
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1.3.  Vapor Plume and High-Speed Imaging

Another novelty in laser welding research is the understanding of the keyhole behavior from
the characteristics of the vapor plume. Although the idea of the formation of the vapor plume
emitted after vaporization when the atoms of the metal leave the Knudsen layer seems like a
relatively easy process to understand, the story of the vapor plume itself gets much deeper and
more complicated. To start, the underlying physics which are used to explain the laser welding
process for the metal in the solid and melted states are no longer the same for metallic vapors.
For example, the fluid flow is no longer incompressible for the vapor state, temperature is no
longer equilibrated and electronic temperature is used, data on some of the physical properties
of the metals such as conductivity, viscosity, etc. have not yet been measured at the temperature
exceeding the vaporization temperatures thereby rendering theories of understanding of gas
systems partly useless, interaction of the laser with the vapors is different, the state of the
surroundings (vacuum, water, air, shielding gas) can also affect the properties of the vapor. In
addition, if two dissimilar metals with differing properties are being vaporized, then these ideas
become even more complicated.

The vapor plume created from the rapid heating and vaporization of the metals contain atoms
which exhibit translational [141], rotational [142] and vibrational [143] motion accompanied
by the thermal motion of electrons [144] in the gas if ionization occurs. These motions lead to
the continuous thermal emissions from the vapor plume. While the continuous thermal
emission occurs due to the random motions of these particles, atomic or ionic emissions [42],
[145]-{149] which are a rather discrete set of emissions may occur depending on the energy
input into the processes. These emissions happen at particular wavelengths which correspond
to the energy difference between the excited state and the ground state. Researchers try to
determine the composition and the temperature of the vapor plume by using spectroscopy
(discussed in section 1.4), the size, shape, velocity and flow patterns of the vapor plume from
HSI and numerical modelling (section 1.5).

1.3.1. Imaging parameters

Different types of High-Speed Imaging remain a popular tool in this research domain such as
high-speed photography and using stroboscopic sources. With the development of electronic
imaging technology, HSI has evolved rapidly with capabilities of imaging from 50 — 60 fps
with Charge-Coupled Device (CCD) sensors to several thousand frames per second (fps) with
the advent of Complementary-Metal-Oxide-Semiconductor (CMOS) sensors [150], [151]. But
still, HSI has its own limitations, especially in the case of dissimilar laser welding. While state
of the art HSI cameras use sensors of similar sizes as conventional cameras, their pixel sizes
are much larger. As an example, two cameras have been compared to identify the differences
in their characteristics in Table 1. The conventional mirrorless camera from Sony [152] and
the HSI Phantom camera [153] have a Full Frame (36 mm x 24 mm) sensor. But the pixel size
of the Phantom camera is almost 5 times larger than the Sony. This relative increased pixel size
found in HSI cameras is not uncommon [154]. While the increased pixel sizes allow more
photons to be captured, it comes at the cost of a decreased maximum resolution. While the
maximum resolution of a camera is an interesting feature, increasing the frame rates always
diminishes the resolution in both conventional and HSI cameras due to cropping of the sensor.
The delicate balance between the frame rate and the resolution in HSI cameras should be
considered while determining the parameters of HSI in the field of laser welding. Because,
with a constant focal length, the resolution becomes the determining factor for the size of the
field of view (FOV).
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Table 1. Comparison of features between a conventional camera and a high-speed camera.

Type Conventional camera High speed camera
Model name Sony Alpha 7 111 Phantom v2012
Year 2018 2016
Photo 7
s, : 3 O
(s}
( . m
Sensor size 35.6 mm x 23.8mm 35.8 mm x 22.4 mm
Pixel size 5.93 um 28 um
Maximum Resolution 6000 x 4000 (6K) 1280 x 800 (HD)
FPS at Max Resolution 30 fps (4K) 22,600 fps (HD)
Max FPS 120 fps (HD) 1,000,000 fps (128 x 32)

While researchers consider the FOV from the size of their region of interest (ROI) and adjust
the focal length accordingly, HSI at high frame rates and a low resolution come with the
drawbacks of low light due to increased focal length and low sharpness due to low resolution.
When the interest in the rate of capture supersedes the clarity of the vapor plume, researchers
opt to this method of using low resolution with high frame rates. In 2002, the vapor plume was
captured with a frame rate of 9000 frames per second and no information on the resolution was
provided [155]. In 2006, the frame rate of 4000 fps was used to capture the vapor plume images
with a bandpass filter at 602 nm wavelength [156]. In 2010, while the researchers boast a frame
rate of 40,000 fps at 1064 nm, the resolution was still not being discussed [157]. However, in
the more recent works, the information on the resolution have been provided. Wang et al. [158]
captured their vapor plume at 2000 fps with 512 x 512 resolution. Zheng et al. [159] did it at
20,000 fps with 106 x 762 pixels and Mihai et al. [160] at 20,000 — 30,000 fps with 384 x 384
pixels. While it is notable how the higher frame rates demand a lower resolution due to RAM
memory and data write speed constraints, it is unfair to compare the state of the art only based
on frame rate without accounting for resolution, especially when comparing works produced
by different HSI systems.

Another critical factor that researchers must consider while opting for high frame rates is the
exposure time period. The maximum exposure possible is the multiplicative inverse for a given
frame rate. Once again, it can be noted that authors have started to mention the HSI exposure
only in the last decade. For example, Kawabhito et al., [161] while mentioning the exposure
time for the spectroscopy of the vapor plume, do not provide any information on the exposure
time for HSI. However, this trend had changed, and researchers have started to seriously
consider the impact of choosing the right amount of exposure which usually ranges between
1 ps to 500 ps depending on the interest. Lower exposure times such as 1 — 5 ps are used to
reduce the motion blur created from fast moving objects within the FOV, be they the plume or
the spatters or even the melt pool [162], [163]. Higher exposure times are usually used in
situations where the objects of interest have low emissivity with no additional illumination
[163], [164].

Other imaging parameters controlling the lens system such as the aperture, the focal distance,
depth of field, the reproduction ratio, etc. also have a significant impact on certain qualities of
the image. For example, the need for higher exposure in low emitting objects of interest can be
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compensated by increasing the aperture of the lens system. But it could lead to lower values
for the depth of field (especially in long distance macro-objectives) thereby reducing
applicability to 2-dimensional objects or objects with very low thickness. Among these
parameters controllable externally from the camera, the most important parameter is the
wavelength of acquisition or in other words, the optical filter used along with the lens system.
While the importance of the wavelength of emission is discussed in detail in the section 1.4
(p.44), it can be briefly mentioned that some researchers mention using different types of
optical filters over various wavelength regimes to observe the vapor plume [49], [156], [165],
and some others don’t. But most of the researchers base their HSI studies on the thermal
emissions [137], [166]-[170]. And most of the authors do not discuss the impact of the chosen
wavelength regime on the observations and acquired data on the vapor plume.

1.3.2. Image processing and the vapor plume

1.3.2.1. General overview

To observe the oscillations in the keyhole indirectly, the frequency of change in the inclination
angle of the vapor plume accompanied by stabilization using a gas jet have been performed
using HSI [171]. This angle of the vapor plume has always been considered significant for
understanding the inclination of the keyhole walls [156]. But the definition of the angle of the
vapor plume is not usually explicitly defined. For example, sometimes no explanation is
provided on the methodology for the determination of the inclination angle other than just a
picture and its description [46]. However, in the more recent times, some authors mention that
they calculate the angle of the plume from the horizontal and the line connecting the center of
the bottom to the centroid [167]. But this poses the question about the position of the centroid.
What determines the border of the vapor plume and how is the relative position of this centroid
calculated with respect to the plume border? It is not uncommon to find that most of the authors
doing laser welding plume research do not provide detailed explanations on their image
processing methods. Hence a discussion of the image processing methodology becomes
significant in order to validate the correctness of the resulting data. A very common practice in
the image processing of vapor plume images is binarization segmentation.

xr

A
Figure 18. A) Depiction of inclination angle of the vapor plume [46]. B) Original image, C) Otsu

binarization, D) Filling holes, E) Cropping, F) Data extraction [167].

While it is essential to discuss the image processing methods, it is crucial to identify the
different areas in the vapor plume which is generally composed of several parts [172]: the
oscillating part just above the keyhole opening and the slender plume which is much taller than
the oscillating part accompanied with smoke rising from the oscillating part (Figure 19). In the
earlier research works, such distinctions between the different parts of the plume were rarely
made, and even when identified, they were much different, and less studied due to limitations
in the imaging technology [173]. The physical characteristics of these two parts of the vapor
plume are different from each other [49] and so the image traits will also be different and
therefore must be taken into account during image capture and processing. For example, the
values of the FOV, frame rate, exposure time etc. have to be set according to the part of the
plume to be studied and subsequently, during image processing, the parameters of the image
capture and other details on instruments (Example: sensitivity of the camera sensor, objective)
have to be included. Besides these two significant parts of the vapor plume, there are other
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parts which usually hold less interest since their appearance depend too much on the acquisition
parameters such as the diffuse smoke around the vapor plume and the spatters which are visible
in Figure 19.A, but not so much in Figure 19.B.

SLENDER
PLUME

I

[

|

|

|

SLENDER |
|
|

|
| .
Jl 100 mm
|
|

o , o
OSCILLATING
PART

OSCILLATING

20 mm

Figure 19. Different parts of a vapor plume A)[172] B)[49].

Hence this brings into question what constitutes a welding vapor plume? Is it only the
oscillating part or does it include the slender plume as well? Why is the surrounding smoke
neglected in vapor plume studies? Depending upon the subject of interest, a researcher chooses
to study a particular part or several parts of the vapor plume. To find the overall characteristics
of the vapor plume, or to find the different phenomena involved in the interaction of the plume
with its surrounding environment or to compare the vapor plume with a model, a researcher
may choose to study the oscillating part along with the slender plume. To study the spectral
characteristics of the plasma which may form in the plume, or to find the immediate effects of
the keyhole behavior on the vapor plume, a researcher may choose to study only the lower
oscillating part of the vapor plume. For online monitoring and providing process control
through a feedback loop, imaging of the spatters can be essential. In the future, may be even
the smoke would be included in the research of the vapor plume. However, once the researcher
knows the subject of interest, the part of the plume to be studied, and makes the acquisition
with the parameters set accordingly, next arrives the question, what constitutes the edge of a
diffuse cloud-like object. The reasoning behind the definition for the edge of a welding vapor
cloud that has rapid, dynamic interactions with its environment can be explained using a
simpler analogy.

1.3.2.2. Thresholding

When researchers asked what is at the edge of a water vapor cloud we see in the sky, they flew
a plane at the edges of those clouds to study the distribution of the cloud particles (super cooled
water droplets in a submillimeter scale) using a Holographic Detector for Clouds (HOLODEC)
equipped with a Nd:YLF laser and a CCD camera [174]. Similar to how an edge of a cloud in
the sky that extends over several kilometers is defined by tiny water droplets and their
interactions in a submillimeter scale, the edges of the welding vapor cloud that extends over a
few or several millimeters can be identified from processes leading to optical emission
phenomena happening at a sub-nanometric scale. Upon capturing these optical emissions by a
HSI camera, automatically the region of interest becomes a bright region on a dark background.
However, once such an image is captured, it is essential to separate the ROI from the rest of
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the image since the background is never perfectly black and is always polluted by electronic
noise, bleeding or blooming effects from pixel saturation, pixel illumination from the vapor
smoke, spatters, etc. Several edge detection techniques are available in image processing such
as Laplacian Edge Detection, Sobel-Prewitt, Marr-Hildreth, Canny Edge Detection, Gaussian
Gabor filter to name a few [175]. However, any researcher who uses any of these edge detection
methods should be able to reason out the purpose and utility of the used algorithm in this
context. And since most of the researchers in the laser welding community are not experts in
image processing methods, the simplest form of edge detection mostly used is image
processing done through binarization of the image by the application of a global threshold. A
single value threshold was applied on an image or a stack of images which would then be
binarized. In other words, the pixel intensities are compared to a single global value and will
be subsequently darkened or brightened based on whether they were lower or higher than the
threshold value. Local thresholding is where the thresholding function depends on not only the
pixel intensities, but also some other local property. An example of the difference between a
global threshold and local threshold is shown in Figure 20, where the local threshold is applied
using a gaussian filter of the original image [166]. While the local thresholding seems to be
more advantageous in this example, image binarization is still a destructive method of image
processing.

Source Global threshold value: Local threshold
120/255 8o/255
Figure 20. Comparison between local and global thresholding operations [166].

Whether one uses global thresholding or local thresholding, the method used to calculate the
threshold value is also another subject of significance since there are several thresholding
algorithms available. Some of the thresholding algorithms in the ImageJ software [176] are
Huang, Huang2, Intermode, IsoData, Li, MaxEntropy, Mean, MinError, Minimum, Moments,
Otsu, Percentile, RenyiEntropy, Shanbhag, Triangle and Yen. A brief analysis of all these
algorithms in the context of biological image treatment has been provided by Nichele et al.
[177]. However, researchers in the laser welding community prefer using the Otsu thresholding
algorithm over the others and this can be seen in many articles [167]-[170], [178]-[181]. The
reason behind this choice is because the Otsu method is easy to use since it is an automatic
thresholding method. And, since it uses the statistical information of the image to compute the
threshold value which separates the object (such as the melt pool or the vapor plume) from the
background while taking into account the diversity in the background (such as the
luminescence from the smoke and the spatters accompanied by image artifacts), this process
appears less complicated from a very general point of view. To be a little more specific, this
technique separates the histogram (and henceforth, the image) into two regions (classes) and
calculates the variances between and within each class to determine the threshold value (usually
tends to be towards the class with the higher variance) to separate the object and the background
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[182]. This is accomplished by finding a gray level value that separates the image histogram
into two groups in such a way that the maximum between-class variance equates to the
minimum within-class variance, where between-class variance is the total variation between
mean of each class and the overall mean, while the within-class variance is the total variation
of the individual values within a class and the class mean [183].

Depending on the bit depth of an image, if there are L gray levels in each pixel from 0 to L, let
n; denote the number of pixels at level i and N, the total number of pixels. Then,

And the probability of occurrence of level i is given by,
p; =" /n 14

If the image should be divided into two classes C, and C; by a threshold T}, as such C, and C;
consist of pixels with [0,1,2,..,T,] and [T, +1, T, +2,T,+3,..,L] gray values
respectively, with Py(T}) and P;(T},) as cumulative probabilities, uy(Ty) and p, (Ty,) as mean
gray levels and o (T},) and o (T},) as variances of the respective classes, they can be expressed

by,
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Po(Ty) = Zpi 15
i=0
L
P = ) pi=1-Py(Ty) 16
i=Th+1
Th 1 Th
=) P o z . 17
W) = D i = o 2 P
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L L
U (Ty) = Zi 1 Zip 18
1\1th) — - i
L Pi(Ty)  Pi(Th) i
Th
2 . 2 Pi
a5 (Ty) = Z(l — uo(Th)) 19
£, Po(T)
L > 20
. L
= ), (= mT) 5

i=Tp+1

If u is the overall mean gray value of the image, o7 (T,) is the variation of the mean of the
individual classes from the mean gray value of the image (between-class variance) and o2 (T,)
is the variation of the individual pixel gray values within the class from the class mean (within-
class variance), they can be represented by,
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The Otsu threshold is chosen in such a way that provides the maximum ratio of the between-
class variance and within-class variance in such a way that can be represented by,

* __ 2 — : 2
T = argog;i;{ab (Th)} = argog%;lgL{cfw(Th)} 24

However, due to certain limitations of this method, image analysis experts continuously keep
developing extensions or modified Otsu methods to improve its efficiency such as the
“recursive Otsu method” , “two-dimensional” Otsu method, “multi-level thresholding two
stage” Otsu method, etc. [184]-[186]. While many such advanced thresholding techniques are
being developed, there is no easy one fix for all solution and every researcher must choose
carefully what technique to use for the treatment of their image based on several factors such
as the raw image quality, processing time and power, result oriented applicability, etc.,
especially in the laser welding image treatments since large variations within and between
different experiments are quite a common occurrence.

1.3.2.3. Fitting and Measurement

Once the edges of the vapor plume or melted zone can be determined using an appropriate
thresholding technique, it is essential to find a good method to characterize the figure (whether
the image is binarized or not). Characterizing the size and the shape and assigning values to
the vapor plume is not an easy issue to deal with due to two reasons:

1. The vapor plume has a rapidly changing irregular shape and orientation with certain common
traits like brightening and tapering towards the keyhole.

2. The vapor plume exhibits differences in properties depending on the materials being welded,
acquisition parameters, thresholding techniques used, etc.

The most fundamental way to describe any image is by its aspect ratio. But a detailed study of
an irregular shape requires the use of shape descriptors. 1D shape descriptors such as height
[46] and width, or 2D shape descriptors such as perimeter [187], area, and even 3D shape
descriptors such as sphericity and volume [155] may be used.

While certain parameters such as the area or perimeter of an irregular shape can be measured
relatively easily if a sufficiently high enough resolution is used during image capture,
properties like the height of the plume can be difficult to measure. However, since the aspect
ratio of an image does not take orientation into account, the use of certain algorithms to measure
the shape is inevitable. Several such algorithms such as the fit ellipse, convex hull, ferret
diameter, etc. can be used to measure the size of an irregular object [188]-[190].

With automatization for image analysis over thousands of images, such algorithms become a
necessity and the measurements cannot be done manually. But a blind use of such algorithms
can yield undesirable data and therefore an understanding of these algorithms are a prerequisite
in image analysis.

41



1.3.3. Data Analysis and Conclusion

After image processing and analysis, thousands of lines of data can be produced while working
with either a large number of videos, or a few videos with very high frame rates, or both. This
data is usually classified, treated, analyzed and the results can be produced using any data
handling software. To produce understandable results, most of this data is compiled based on
existing knowledge about the relationships between the different parameters and phenomena.
While the classification of the data is usually based on the welding and acquisition parameters,
compilation of the data and results are usually done by setting a constant value to all the
parameters with only two or three variables. Most of the time a comparison of the plume
behavior is done for different welding parameters such as laser power, spot width, pulse
duration, etc., while the acquisition parameters are fixed. For example, comparison of plume
areas between two materials should not be done if the plumes of those materials weren’t
captured with the same exposure time.

And therefore, almost all the articles cited in this bibliography mention the use of a constant
acquisition parameters such as frame rate, exposure time, etc. for their experiments for the ease
of data handling, while changing the experimental parameters such as welding materials, laser
power, etc. For example, most of the authors cited in this bibliography have either used a
narrow band optical filter in the infrared regime or a broadband filter which covers a wide
range from ultraviolet to infrared. The relationship between what is observed through these
filters and the wavelength of observation is very rarely discussed. Comparative studies between
the behaviors of the vapor plume observed at different wavelength regimes has not yet been
done. Similarly, the reasons behind the choice of acquisition parameters are not usually
mentioned and still require further research and explanations. Since there isn’t an established
convention because every camera and optical components vary slightly from each other,
researchers cannot test or reproduce the observations exactly especially when details about the
acquisition parameters are obscured or poorly understood. And so, with the recent
technological advancements in the HSI cameras, the latest trends in low-cost high-performance
CPUs, and the latest software which can handle large datasets, this research area is still young
and rapidly expanding both technically and in community-size. Once enough researchers are
involved in the HSI of the vapor plume, conventions and calibration methods will be
established. The number of research publications (Figure 21) for the search with keywords:
“laser welding” and “vapor plume” and “high speed imaging”, show that in the last ten years
there is an increasing interest in this research domain. But all the experimental parameters relate
to the optimally selected acquisition parameters majorly through one specific property of the
vapor plume - its luminosity. And so, to study the phenomena existing behind this property,
optical emission spectrometry can prove to be a powerful tool.
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1.4.  Spectroscopic studies of the vapor plume

Laser-Induced Breakdown Spectroscopy (LIBS) has been established as a prominent subject
in research over the past twenty years. LIBS usually means spectroscopic plasma
characterization from short laser pulses (ns) and the vapor plume from laser welding is not
usually considered to be a part of this domain. But spectroscopic characterization of the
welding vapor plume uses almost the same techniques as LIBS. Moreover, the vapor plume
does undergo weak ionization to produce a plasma plume under combination of certain
conditions such as high power (10-15 kW), high repetition rate, low wavelength, high
absorption coefficient, using an electrically charged probe, etc. [145], [146], [161]. So, optical
emission spectroscopy can be applied to estimate the plume characteristics and to comprehend
the processes in laser and arc welding [42]. Spectral analysis of the plasma plume led to the
idea that condensation of the metallic vapors can have an important role in fiber laser welding
of steel [146]. Because the plume in pulsed laser welding has been considered to have low
temperature and high density metallic vapor [147], [148], this temperature (electron
temperature) is mostly calculated from the ratio of multiple atomic/ionic emission lines using
the Boltzmann diagram method [149]. However, the particulate matter and condensates in the
plume also influence the laser radiation when directly in the laser beam path [50], [191]. While
the emissions from the particulate matter and even the liquid metal can be studied, the vapors
play the main role in spectroscopic studies. And while vaporization depends on multiple
parameters such as the laser duration, wavelength, power, absorbance of the material, etc., one
of the fundamental requirements is that the amount of energy (E,,i») deposited on the surface
of the material should be greater than the latent heat of vaporization (L,) of the material to
overcome the heat lost into the material through conduction.

[192] Epin = pLyat/?t;*/? 25

where p is the mass density, a is the thermal diffusivity and t, is the pulse duration. And this
vaporized material can produce optical emissions. However, the process of atomic/ionic
emission from the interaction of a metal with a laser is much more complicated.

The absorption of photons with sufficient energy from the laser source by the metals liberate
the conduction electrons. This releases energy into the crystal lattice by electron-electron and
electron-nucleus collisions. The relaxation period for these collisions is much smaller (<1022 s)
than the laser pulse (103 s ~ 10 s), which makes it seem like the heat source is continuous.
The Drude model explains the absorption of laser photons by the free electrons for temperatures
below the vaporization temperature [193]. While this forms the basis for emissions happening
from the liquids and solids, this thesis is oriented towards the emissions of the vapor plume.
Because the spectroscopic analysis of the vapor plume allows us to determine the temperature,
electron densities and the elemental composition.

1.4.1. Local Thermodynamic Equilibrium

Any radiation field as a consequence of temperature is defined by Planck’s law. In the case of
plasma, it depends on the ratio of population densities (ion, atom, or molecule) in the upper
and lower states which is given the Boltzmann distribution (Egn. 28).

When a plasma is in complete thermodynamic equilibrium, it can be described by a single
temperature where, Tradiation = Telectronic = Tionic = Texcitation.

Planck’s law determines the equilibrium between the different processes of emission and
absorption for this plasma that is considered to be optically thick like a blackbody. The ability
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of a given path length of gas to attenuate radiation of a given wavelength is called optical
thickness [194]. The spectral radiance of a blackbody (L5 (4, T)) is given by,
2hc? 1

[195] Li(AT) = 15 ev/ksT — 1 26

where h is the Planck’s constant, c is the speed of light, kg is the Boltzmann’s constant, T is
the temperature of the blackbody, A and v are the wavelength and frequency of the emitted
light respectively.

However, complete thermodynamic equilibrium doesn’t exist in laboratory plasmas because
the radiation escapes from the plasma while not being completely reabsorbed. This leads to
radiation fields inside the plasma reducing below the Planckian radiant energy density.
However, this plasma which obey the Boltzmann (Egn. 28) and Saha equations (Egn. 27)
(defined by electronic temperature) is said to be in local thermodynamic equilibrium. When a
plasma is in complete thermodynamic equilibrium, its temperature is defined by,
Telectronic = Texcitation.

E®
(z+1) (z+1) e
[196] NJ Ne — ‘gj Ge (27TmekBTion)3/2 e( kBTion> 27
N(Z) g]z h3

with, Nj(Z“), Nj(z), and N, being the number densities at the states z + 1 and z, and the electron
(z+1)
J
mentioned quantities, T;,,, being the ionic temperature, and Ej(fx), and m, being the ionization
energy and mass of the electron.

number density respectively, g , gi» ge being the statistical weights for the previously

In other words, the temperatures defining the motion of the electrons and the heavier particles
(atoms, ions or molecules) are decoupled. This requires spatial and temporal variations within
the plasma to be negligible. In this concept of local thermodynamic equilibrium, the electron
collisions which are much faster than the ion collisions lead to an equilibrium between the
states. For this system, the Atomic State Distribution Function (relative population of excited
levels in an atom/ion) is given by the Boltzmann distribution:

—Ep
kgT

[196] _ g ne 28
N,= N 7D

where, N,, is the population, E, is the energy and g,, is the degeneracy of the quantum level
n. N is the number density of the species, kg is the Boltzmann constant, T is the temperature
an Z is a partition function of the atomic level system at that temperature. The minimal electron
number density required for local thermodynamic equilibrium is called the McWhirter criterion

expressed by
TM?AE3
[197] N,(m™3) > N¥ = 2.55 x 10179T)”"‘

where (g) is the Gaunt factor averaged over electron energy distribution function, T, and AE,,,,,
are the electronic temperature (K) and the largest energy gap (eV) between adjacent levels.

29
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1.4.2. Line Broadening

Spectral lines usually are not infinitely thin because the energy levels of excited states are not
infinitely thin and so there are several phenomena which could lead to their broadening. Some
of the broadening mechanisms are natural broadening (Lorentzian), collisional
broadening/pressure broadening (Lorentzian), Doppler broadening (Gaussian).

Natural broadening is a consequence of the Heisenberg’s uncertainty principle which connects
the uncertainty of energy (AE) of any atomic system with the uncertainty of the time intervals
(At) during which the measurements of the energy are made.

AEAt > h/An 30

However, this equation can be reduced [198] to find the relative broadening (A1)
A5 As

= 31
21cC

[199] AL

with 4, being the wavelength of emissions and A being the Einstein’s spontaneous emission
coefficient.

Doppler broadening is a consequence of the motion of the emitters with non-relativistic
velocities leading a Doppler shift of the angular frequency (w,,),

© = 0pg _ Ve

[195] 32

Wpq

where v, is the velocity component in the direction of emission and c is the speed of light. In
local thermodynamic equilibrium, the prerequisite of Maxwellian distribution of temperature
(T,,) makes the line shape function a Gaussian with a halfwidth (Mf/z)

AAS
[195] 12 _ 5015 x 10-5 |BTa/¢V 33
Apq mg/u

where (eV is electron Volts and u is the atomic mass unit)

Collisional broadening/pressure broadening happens due to collisions between the emitter and
another particle. Collision with neutral atoms in the ground-state leads to Van der Waals
broadening. Collision with another neutral emitter leading to exchanging energy between
different levels causes resonance broadening. And collision with charged particles such as ions
or electrons lead to Stark broadening. Pressure broadening usually leads to a Lorentzian profile
with a negligible shift. Even though metal vapors generated from solid state laser usually do
not form any plasma, it would be prudent to assume that the emission lines are broadened by
these mechanisms (except Stark broadening when ions are absent). And so, a convolution of
the Gaussian and Lorentz profiles of equal half widths, being a VVoigt profile (Figure 22) would
form the right fit for the emission lines for metal vapors from interaction with an Nd:YAG
laser.
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Figure 22. Normalized Gauss (Doppler) and Lorentz (impact) profiles of equal half widths (FWHM
width = 2 in x-units). Also shown is the Voigt profile resulting from the convolution of these two profiles
[198].

1.4.3. Temperature

1.4.3.1. Boltzmann temperature

If a Boltzmann distribution (partial local thermodynamic equilibrium) is assumed for upper
levels, rotational and vibrational temperatures are estimated by fitting a Boltzmann distribution
to the population densities of rotational and vibrational levels of the electronically excited
states. And so, excitation temperature (equals electron temperature in local thermodynamic

equilibrium) can be calculated by fitting Boltzmann distribution to the population densities.
Substituting emissivity for population of the upper level in Boltzmann’s law,

[199]
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where Nj(z)(cm'?’) is the number density of element j at a given z degree of ionization, U].(Z) is
- . (Z) . . . . .
the partition function, and g 1sa statistical weight. Applying logarithm, Eqn. 34 becomes

Eu l/ls Nj(Z) hc E j(‘lzi)
In (Z’) = In @ |~ - 35
gj’uAS 47TU]. kpTex
which can be used to make the Boltzmann plot (Figure 23). With the emission intensities at
different wavelengths known, along with the other constants obtained from the NIST database
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[200], the slope of the straight line (— - ) leads to temperature estimation. Continuous fiber
Blex

laser welding of 304 austenitic stainless steel with laser power 10kW produced an emission
spectrum of the vapor plume which in turn led to an average vapor plume temperature estimate
of ~6000K [161].
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Figure 23. Emission spectra of the vapor plume for 10kW fiber laser welding of 304 stainless steel
within 430-470 nm and the corresponding Boltzmann plots [161].

1.4.3.2. Continuous emission

Compared to solids, gases have a less continuous spectrum due to different types of transitions.
However, superposition of various emissions from photodissociations, photoionizations, free
electron-atom-photon interactions lead to a continuous part in the emissions. Thus, a
continuous part is ever-present in both emission and absorption spectra as much as the emission
lines as shown in Figure 24. The Stefan-Boltzmann law [201] obtained by integrating Planck’s
law over all frequencies for a blackbody radiator at temperature T is

® osgT*
B(T) = f B,(T) = =2 36
0
where gy is called the Stefan-Boltzmann constant
2mokR 37

9B = T5c2p3
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Figure 24. A) Normalized emission spectrum of hydrogen at 11300 K, 40 atm, and for a path length of
50 cm [194], [202] and B) Continuous emission spectrum and the atomic emission lines of the laser
welding of Ti-6Al-4V [203].
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1.4.4. Auto-absorption

Differences in temperature between the center of a plasma plume and its outer edges can cause
emissions from the center to be reabsorbed by the cooler atoms or ions at the edges (Figure
25). This can lead to a decrease in the emission intensity and a change in the shape of the
profile. Auto-absorption leads to profiles having a depression in the place of a peak [204]. The
resulting line profile and broadening from auto-absorption depends on several factors such as
temperature, electron density, homogeneity of the plasma, etc. Auto-absorption originating due
to the cooler outer edges with low electron density lead to peak reversal but auto-absorption in
a homogeneous plasma can only distort the profile shape slightly [205].

AIG NG
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Emission spectrum Absorption spectrum Observed spectrum

Figure 25. Schematic for auto-absorption [206].
1.4.5. Objectives and conclusion

While the techniques of characterization of an ionized plasma from LIBS can be borrowed for
the analysis and characterization of the YAG laser welding vapor plume, such as establishing
LTE, calculating the electronic temperature, assuming Voigt profiles on the broadened lines,
this optically thin low temperature vapor plume poses certain limitations such as low emission
intensities (at the level of the background noise), insufficient energy for certain elements to
reach the excited levels, high uncertainties in the calculation of the Boltzmann temperature,
etc. [207] But still, the spectroscopic analysis of the welding vapor plume (especially in the
case of dissimilar welding) serves to be very useful in complementing the HSI vapor plume
studies done over different wavelength regimes. And so, with the objective of characterizing
the vapor plume for its temperature and composition, the principles discussed in the
bibliography section can be applied to study the aluminum and titanium combination (very
different spectroscopic properties) in the welding by a YAG fiber laser.
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1.5. Numerical modelling

The use of numerical models is crucial for gaining insight into the processes involved in laser
welding. Advancements in technology have led to significant progress in this field in recent
years, with better numerical methods, more robust solvers, and greater access to high-
performance computing. However, since welding involves a complex interplay of various
physical processes, which can occur rapidly and result in large variations in physical properties,
it can be challenging to strike a balance between model complexity and computation time.
Depending on the specific research or practical goal of the modeling, several assumptions may
be used. In numerical modeling of welding, the objective is to describe the processes that affect
the development of the melt pool and, potentially, the final weld bead. This involves modeling:

e Heat transfer, taking into account various types of heat sources such as surface and
volumetric sources, and sources with fixed or evolving geometries.

e Convective phenomena, in the liquid zone and in the gaseous phase, and any potential
effects on the free surface or volumetric defects

e Transport of matter, the movement of elements within the melt pool and the evaporation
of elements into the gaseous phase

e Metallurgical changes, solidification, changes in the microstructure and the heat-
affected zone

e Thermomechanical processes, the evolution of stress and deformation during heating
and cooling, and the prediction of cracking risks.

Due to the highly complex nature of the welding phenomenon, every physical phenomenon
cannot be easily quantified experimentally. Therefore, numerical modelling becomes an
essential tool to quantify the different phenomena and elucidate their synergetic effect.
Mathematical modelling of the welding phenomena started in 1940 by Rosenthal [109] and
numerical models has been built over the past few decades [208]. However the scope of
understanding the welding phenomena using modelling software is severely limited till the
present due to several difficulties [209] such as:

e The dataset for materials’ physical properties at elevated temperatures which is a
requirement for simulation, is still incomplete.

e Modelling in complex configurations pose difficulties.

e When incorporating multiphysics and unstable phenomena, computation times increase
multi-fold.

The first focus in modelling of welding is usually on the thermal processes. However,
modelling of the fluid flow is prioritized when geometrical changes to the weld pool need to
be understood [208]. As discussed earlier, the several multiphysical phenomena are modelled
using equation for the heat source (section 1.1 p.18), recoil pressure (section 1.2 p.24)[210],
Marangoni convection (section 1.2.3 p.27), vapor induced shear stress and heat transfer,
multiple reflections on the keyhole wall, etc. [210]-[216]. Finite Element Method FEM or
Computation Fluid Dynamics CFD (using Finite Volume Method or Finite Difference method)
sometimes combined with ray-tracing methods are mostly used to solve the partial differential
equations representing the previously mentioned phenomena [55], [217]-[221]. However,
several problems exist in the models constructed till now [222] and are currently being resolved
such as the following:

e Simplifications like neglecting temperature dependence on some of the physical
properties of the materials in the liquid and vapor state.

e Simplified representation of heat sources.

e Considering the fluid flow to be incompressible and laminar.
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1.5.1. Software in welding simulation

There are software which have been used in the numerical modelling of the welding
phenomenon like COMSOL Multiphysics®, ABAQUS®, ANSYS® Fluent, FLOW-3D®, etc.
[223]-[226] While each of these software are used by many researchers across the world for
welding simulation, they have their own advantages and disadvantages. While ABAQUS® and
COMSOL Multiphysics® are FEM software, ABAQUS has more learning resources and is
more application oriented (allowing for complex geometry), but it is mostly concentrated on
non-linear problems in solid mechanics. COMSOL Multiphysics on the other hand, while
allowing access to the different types of physics and its equations, does not facilitate drawing
complex geometry. While ANSYS® Fluent, FLOW-3D® are CFD based software which use
Volume of Fluid (VOF) method, Fluent facilitates creation of turbulence models which
accurately simulate complex flow and heat transfer phenomena, offers integration with other
ANSYS® software, is CAD (Computer Aided Design) friendly, while on the other hand
FLOW-3D is well suited for free surface tracking and is computationally much lighter, but is
not as sophisticated as the others.

1.5.2. Type of the FEA model

Most of the numerical models solved by finite element analysis can be broadly classified into
two types: stationery and time dependent. In a stationary model, the problem to be resolved is
a static or steady state problem where there is a single (linear or non-linear) set of partial
differential equations with variables such as the material properties, boundary conditions, etc.
being constrained with respect to the solution. A time-dependent model solves a set of coupled
or independent ordinary differential system of equations which are constrained by another
system of time dependent differential algebraic equations.

Similarly, the type of geometry applied to the model can be classified into 2D, 2D-
axisymmetric and 3D models. Depending on the objectives, the type of geometry is chosen.
For example, a 2D-axisymmetric model (2D model rotated 360° around an axis) does not offer
any advantage for simulating dissimilar laser welding in the butt configuration. Another
example, the inclination of the front keyhole and back keyhole wall cannot be simulated with
2D models for the dissimilar laser welding in the butt-configuration. While 3D models offer
versatility to simulate many of the processes, computationally they are much heavier.

1.5.3. Modelling the keyhole

Many keyhole models have been constructed and they have been usually done with some
simplification of the processes. The first models were developed to represent the heat source
(cylindrical, point source) of the laser [227], [228]. With the identification of the isotherms at
the melting point, the fluid flow equations (Navier-Stokes) were introduced to study the motion
of the liquid metal [229]. Meanwhile, the incorporation of multiple reflections with a deepening
keyhole was also studied [230]. More recently, the multi-solute diffusion in the laser welding
of 304 stainless steel and pure nickel substrate has been modelled [231].

1.5.3.1. Heat transfer

In any of the welding simulations, the very first necessity is to model the thermal processes
starting from the heat gained by a source to the heat lost at the boundaries. Depending on the
type of model (section 1.5.2) the equations may vary slightly. A 2D-time dependent model
may have a Gaussian heat source defined by

M _3((x—uv;t2)2+y2)

232 " = 38
[232] q"(x,y,t) "y e
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where g" is the heat flux, Q(t) is the total heat rate, R, is the weld radius and u,, is the welding
speed. And a 3D conical model with a Gaussian distribution (currently the most used) is
represented by,

_x?+y?
- Qx,y,z) = Qoe< Té(z)) 39
i —Te
[233] To = Te + - (Z — Ze) 40
i e

with Q, being the maximum volumetric heat flux density, r,,r; are the upper and lower 3D
cone radii, z,, z; are the 3D cone length parameters as shown in

i Qo

zd =

Figure 26. Three-dimensional conical heat source model [233].

Similarly, the equations for the other phenomena are also adapted to suit the dimensionality of
the model while taking care not to change the underlying physics. For example, the heat transfer
equation at the beginning for the heating of the material by conduction is,

oT _
pCp— +V(=KT) =0 4

where T is the temperature, p is the density of the material, C, is the thermal capacity at
constant pressure, and K is the thermal conductivity. But once the metal melts, the equation
should be altered to account for the heat transfer through convection. And so, the equation
becomes,

aT — — —
p (C,, TR LS VT) +V(-KVT) =0 42
where 1 is the velocity field calculated from the Navier-Stokes equation for incompressible
equation.

1.5.3.2. Fluid Flow

Once the temperature reaches the melting point, the movement of the incompressible liquid
metal between the keyhole and the solid metal causes the transfer of energy by convection.
This movement is calculated from the Navier-Stokes equation for incompressible fluids using
the Boussinesq approximation,

—
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where p is the fluid pressure, u is the viscosity, g is the coefficient of thermal expansion, T,
is the melting point, and g is the acceleration due to gravity.

Another important idea, the recoil pressure (also known as recoil momentum) which was
proposed in 1968 has been used till now for the modelling of the movement of the free surface
of the liquid layer [234]. The recoil pressure is proportional to the saturated vapor pressure
which is dependent on the surface temperature [235]. In recent works, the entire surface
evaporation process has been linked to the ambient pressure as well [47].

AH,, _ﬂ
[236] o (1) = - 7; By poe<k3Tv(1 T5)> 45

[236] AH, = mL, 46

where T, is the vaporization temperature at atmospheric pressure p,, T, is the surface
temperature, B, is the recombination coefficient, and AH,, is the phase transition enthalpy with
m as the atomic mass and L,,, the latent heat of vaporization. In the study of fluid flow, the
effects of temperature dependent surface tension and Marangoni convection have been
accurately modeled using Eqn.12. [108]

1.5.3.3. Dissimilar joining

Modeling a dissimilar keyhole in laser welding is a complex process due to the increased
complexity caused by the miscibility of the materials and the differences in thermophysical
properties. To understand the effect of the differences in the thermophysical properties on the
capillary’s symmetry and other characteristics such as depth, melted zone width, etc.,
multiphysics models have been developed. To account for the changing properties of both the
molten materials such as the thermal conductivity, density, absorptivity, viscosity, etc.,
smoothed Heaviside functions have been used [140]. To accurately represent the boundary
between the liquid and solid in the model, Darcy damping forces were utilized to reduce the
velocity to zero when the temperature drops below the melting temperature [237]. The
equivalent enthalpy approach, which considers the specific latent heat of fusion of both
materials involved, has been utilized in the calculation of the latent heat of fusion in the melted
zone [238]. To understand the mixing process, various mathematical representations can be
used, such as conservative phase field equations, Fick's laws of diffusion, level set methods,
and transport equations for mass, momentum, and energy. These mathematical models can be
used to simulate the movement of different liquid phases and their interface, the diffusion of
elements within a liquid and their interactions, the dynamics of the liquid-gas interface,
tracking the volume fraction of the different fluids in a given control volume, and modeling the
heat and mass transport in the welding process and their interaction with the interface. The
choice of the method will be based on the specific application and the level of complexity that
is required in the model. The Fick’s diffusion equation has been used to model the transport of
species in a weld pool.

where c; is the molar concentration of the species, D; is the Stokes-Einstein Diffusion
Coefficient,

53



kyT

48
61Ty

Dy(T) =

with r; being the solute radius.

This mixing of the liquid domains are studied with significance with 3D simulations to
understand the influence of the fluid flow on the heat transport which consequently determines
the characteristics of the fusion zone [239], [240]. Therefore, several simulation studies since
then have been dedicated to the research on the influence of the heat transfer coupled with fluid
flow on the properties of the melted zone such as shape, microstructure, alloy composition,
residual stresses. etc. [20], [24], [140], [241]-[258].

1.5.4. Modelling the vapor plume

To develop a universal model of laser welding, the vapor plume simulation should also be
incorporated in the model. The vapor plume during the continuous welding of stainless steel
has been modelled with considerations such as: the surrounding medium is incompressible and
the flow velocity is below half the speed of sound [259]. Models with similar considerations
while neglecting the possible friction effect were built to relate the different penetration
regimes with the vapor plume dynamics [40]. It has been identified that the velocity and the
temperature of the shielding gas can perturb the plasma plume dynamics for the CO, welding
[260]. The absorption coefficient « of such plasma can be calculated by
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where the electron number density N, and the electronic temperature T, are obtained from
experimental spectroscopic studies. And calculation of the inverse Bremsstrahlung absorption
which is present in these ionized plasmas have been studied in detail [262]. And similarly,
vapor plume models built for the case of Nd:YAG laser have been mostly dedicated to
nanosecond or picosecond pulse regimes. However, a general approximate model of the surface
vaporization has been made for different pressures [263]. More recently, the vapor plume that
is not an ionized plasma has been modeled [264] in a 2D-axisymmetric geometry using the
local temperature dependent vaporization mass flux (1) while neglecting radiation and
external convection Figure 27.

[265] = (1) [t P (D 50

However, it has been stated that the vaporization mass flux depends not only on the local melt
temperature, but also on the function of the local Mach number.

. M, T
[263] m = m Pgat (T) + Br |7 Ten sat(TKN)f(Ma) o1

with Tk being the temperature just outside the Knudsen layer and Ma being the local Mach
number.
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Figure 27. Shape, velocity field and streamlines of the melt pool and vapor plume [264].

As mentioned before, very few models exist for simulation of vapor plume, and they have been
done only for standalone materials due to the problems yet to be resolved in simulating the
vapor plume such as the high velocities (sub-sonic to supersonic), inexistent data at high
temperatures, etc. Therefore, the vapor plume simulation for dissimilar welding without over-
simplifying the assumptions on the temperature dependent physical properties is not yet
successfully done in the research community.

1.5.5. Conclusions

Modeling the complex processes of laser welding using numerical methods is crucial for
understanding the phenomena, but it can be difficult to balance the level of detail in the model
with the computational cost. There are also limitations in current models, such as incomplete
data on material properties, difficulties modeling in complex configurations, and discrepancies
between model predictions and experimental results. Numerical models in welding can be
divided into two types: stationery and time dependent. The geometry used in the model can
also be 2D, 2D-axisymmetric, or 3D. The choice of type of model and geometry depends on
the specific goals of the simulation. Models of keyhole in laser welding have been developed
with simplifications. But some recent models have incorporated more advanced features like
multi-solute diffusion. Modeling a dissimilar keyhole in laser welding requires various
mathematical models, such as conservative phase field equations, Fick's laws of diffusion and
interface capturing methods, to simulate the movement of liquid phases, interface diffusion,
and heat and mass transport. Simulation studies have focused on the effects of fluid flow on
heat transfer, which in turn can affect the shape, microstructure, and alloy composition of the
melted zone. Models have been developed for the vapor plume simulation, but the vapor plume
simulation for dissimilar welding materials is yet to be resolved due to problems such as
inexistent data at high temperatures.

1.6. Bibliography Conclusions

Comprehending the processes occurring in the keyhole and the melted zone of laser welding is
necessary to improve quality control. Techniques such as beam oscillation and pulsed welding
have been used to improve weld quality, but further research is needed to understand basic
dissimilar laser welding without additional techniques. The most important factor in laser
welding is the absorption coefficient of the materials at the wavelength of the laser, which
affects the surface temperature and compatibility of different materials which subsequently
influence the shape of the keyhole and henceforth the total energy deposited into the keyhole
from multiple reflections. Researchers are using X-ray flash radiography or imaging and
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Optical Coherence Tomography (OCT) to observe keyhole behavior. However, there is still
much to be understood about the laser-matter interaction, the role of recoil pressure, and the
influence of other forces such as surface tension and natural convection on the melt pool.
Researchers are developing automated systems with deep learning models to improve the
accuracy of monitoring the laser welding keyhole.

High-speed imaging has been used to study the vapor plume in laser welding to produce
massive amounts of data. The data is usually compiled based on existing knowledge about the
relationships between different parameters and phenomena, but further research is needed to
fully understand the relationship between the vapor plume and the wavelength of observation,
as well as the reasons behind the choice of acquisition parameters. With recent advancements
in technology, this research area is expanding, but conventions and calibration methods have
not yet been established. There is a lack of research on the optimally selected acquisition
parameters and their relation to the vapor plume's luminosity, and optical emission
spectrometry can be a powerful tool to study the phenomena behind this property. Overall, the
research on laser welding and vapor plume using high-speed imaging is growing and there is
still much more room for exploration in this field. While techniques from LIBS can be used to
analyze and characterize the YAG laser welding vapor plume, there are limitations such as low
emission intensities and high uncertainties in the calculation of temperature. Spectroscopic
analysis of the welding vapor plume can be useful in complementing HSI studies, but research
is needed to apply these principles to dissimilar welding materials such as aluminum and
titanium. Further research is needed to effectively determine the temperature and composition
of the vapor plume.
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Chapter 2. Experimental work

2.1. Introduction

The focus of the experimental work in this thesis is centered around two parts: the vapor
plume’s behavior for dissimilar welding in the butt and overlap configuration and the keyhole’s
behavior for dissimilar welding in the butt configuration using laser pulses. The various
experimental methods, their advantages and disadvantages have been already discussed in
detail in the previous chapter.

This chapter is introduced with the description of the welding material and the laser used in the
study. The sub-chapter following the introduction titled “Experimental campaigns”, is divided
into several sections, starting with a discussion of continuous welding in the butt configuration,
followed by an examination of pulsed welding in the butt configuration, which includes
experimental work done for the vapor plume and the keyhole investigation. This sub-chapter
concludes with a section on overlap pulsed welding. The final sub-chapter is a discussion of
the characterization methods employed, that explains high-speed imaging, spectrometry of the
vapor plume and post-mortem characterization of the melted zone.

2.1.1. Materials

The metallic materials which were studied during this thesis work were titanium T40 and
A5754 aluminum alloy. The physical properties of these materials are provided in Table 2
[266]. These two materials were chosen due to the significant differences in their
thermophysical (T,,,, T,, a, ...) and spectral (A(T), A, AE,y,, ...) properties. Titanium has a
higher melting point, boiling point, specific heat capacity, density, and absorptivity
(at A = 1 um) than aluminum, while aluminum has higher thermal conductivity and coefficient
of thermal expansion than titanium. The metal sheets used for welding were cut and rectified
(to avoid shears). Oxide layers formed during the grinding process were removed by polishing
using fine grit emery paper. Traces of grease were finally removed with ethanol.

Table 2: Material physical properties.

Materials A5754 aluminum alloy Ti T40
Elemental composition (wt.%) | 2.6 Mg, 0.5 Mn, 0.4 Si, 0.4 Fe, 99.9Ti
0.3Cr,0.15Ti, 0.2Zn, 0.1 Cu
Absorptivity at 1030 nm 10~30% 40 %
Melting point (K) 883-902 1941
Boiling point (K) 2792 3560
Thermal diffusivity (10 m?/s) 98.8 9.4
UTS (MPa) 220 345
UTS: ultimate tensile strength
2.1.2. Laser

The laser used for the experiments was the TruDisk 6001 by TRUMPF Yb:YAG laser with
1030 nm wavelength. The TruDisk 6001 is a solid-state disk continuous welding laser with a
power output in the range 120 W to 6 kW and capable of using fibers 100 pum, 200 um and
600 um (with corresponding spot diameters). The laser head consisted of a system of lenses
that focused the output from the fiber at 300 mm. This disk laser which has a near-gaussian
spatial intensity profile [267], was used for both continuous welding and pulsed welding. And
for all the experiments, the laser head was tilted ~3° to avoid back reflection of the laser into
the laser head.
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2.2. Experimental Methods
2.2.1. Continuous welding in butt configuration

The metal plates used in the continuous welding in butt-configuration experiments were of
dimensions 150 mm x 50 mm x 3 mm. A 200 pum fiber with a 200 um laser spot size was used,
along with a 3 kW laser power. Argon shielding gas was employed at a flow rate of 20 L/min
above and 10 L/min below, and the welding speed was set at 3 and 8 m/min. The HSI camera
Phantom v9.1 (attached with an 810 nm optical bandpass filter) and the spectrometer were used
to capture the front and side views of the vapor plume (Figure 28).

Front <
A% 1@\\

Figure 28. (a) Experlmental setup @ weldlng heat, (2) sample 3 weldmg table (4) HSI camera, (5)
spectra acquisition lens setup, (6) spectrometer CCD and (b) Sample position.

The experiments were first done on standalone materials of T40 and A5754. When the
dissimilar experiments were done in the butt configuration, the laser spot was focused on 5
different positions with respect to the joint line () with the 200 um spot diameter as
represented in the Figure 29. To study the vapor plume on both sides of the aluminum and
titanium plates, their positions were interchanged multiple times during the experiments.
Although the figure below shows aluminum to be on the left and titanium on the right, it is
important to note that their positions were alternated throughout the continuous welding study.

0.2 mm
0.1 mm L 0.1 mm 0.2 mm

T40 T40 T40 T40 T40

Q=-0.2 mm Q=-0.1 mm Q=0mm 0O=+0.1 mm Q=+0.2 mm

Figure 29. A schematic representation of the different Laser Spot Positions (£2) on the joint line for
continuous welding in butt-configuration.
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2.2.2. Pulsed welding in butt configuration

After analysis of the results from the continuous welding experiments, it was noted that the
entire process was highly energetic and very unstable and that it was necessary to minimize the
process parameters in order to simplify the tasks at hand to facilitate clarification. Therefore, it
was necessary to first understand in detail the dynamics of the vapor plume and the behavior
of T40 and A5754 in a sub-millisecond level by welding experiments done using millisecond
laser pulses (in the range of 1-15 ms).

2.2.2.1. Plume investigation in butt configuration

For pulsed laser welding experiments, the camera always had the front view, and the
spectrometer was always on the side as represented in the schematic due to two reasons: 1) the
focus of HSI was on the plume behavior in the front view, 2) since the welding table does not
move during the pulse, there is no interruption of the optical signal for the spectrometer by the
plate holders. Initially the pulsed welding experiments were done with the camera axis slightly
inclined (<13°) and then were later done with a horizontal axis since the joint line visualization
was found to be no longer absolutely necessary to obtain focus.

All the HSI acquisitions were done to observe the vapor plume. HSI was usually done with a
working distance of ~ 65 cm in the front view and while the distance between the vapor plume
and the collimating lens of the spectral acquisition setup remained to be ~ 40 cm. In addition,
for all the pulsed welding experiments, A5754 was placed to the left and T40 to the right in the
front view perspective for conformity as represented in Figure 30.

A 600 pm fiber with a 600 pum laser spot size was used for all the pulsed welding experiments.
Two sets of experiments were conducted for the vapor plume studies, where HSI was used to
observe the spatial and temporal behavior of the vapor plume while spectrometry was used to
identify and quantify the evaporating materials in the plume by analysis of the fundamental
emission lines of Al, Mg and Ti

Q=+0.1 mm Q=+0.2 mm

0O=-0.2 mm

Figure 30. A schematic representation of the different Laser Spot Positions (£) on the joint line for
pulsed welding experiments.

The first set of experiments was done with a power range of 1,1.2, ... 3 kW and a pulse time
of 2 ms for treating standalone A5754. A power range of 0.4, 0.6, ... 2 kW with a pulse time of
2 ms was used for standalone Ti, and a power range of 1.5, 2, 3 kW with pulse times of 1, 2, 3,
4, 6 was employed for the dissimilar combination. HSI was done for this set of experiments
with the 810 nm optical filter to observe the temporal evolution of the vapor plume.

The second set of experiments was done with a constant power of 2 kW and a pulse time of
6 ms and it was conducted at each spot position and repeated five times to increase the accuracy
and reliability of the results by averaging out any variations or measurement errors that may
occur during a single trial, and also to determine the reproducibility of the results. HSI was
done with two filters (394 nm and 810 nm) to study the relationship between the wavelength
of the plume emissions and the shape of the vapor plume.

59



2.2.2.2. Keyhole investigation in DODO experiments

The Direct Observation of the Drilled hOle (DODO) experiment proposed by M.Schneider et
al. [268], as the name implies was conducted to study the keyhole’s spatial and temporal
characteristics and to correlate the observations with the vapor plume behavior. For the DODO
experiments, the metal plates in the butt configuration were positioned vertically and the quartz
was placed in front for observation of the capillary by HSI as shown in the schematic (Figure
31.a). The laser spot was equally shared between the metals and the quartz. The quartz plates
were clamped firmly to the metal plates to avoid any gaps. The thickness of both the metal
plates used in the DODO experiments in the butt configuration and the quartz was 3 mm.
However, the placement of A5754 to the left and T40 for conformity could not be maintained
and the plates had to be cut into smaller pieces and placed alternately as can be seen in (Figure
31.b) to avoid cutting the expensive quartz plates. The 600 um fiber with a 600 pm laser spot
size was used, along with power 2 kW and pulse time 6 ms. EDS analysis for the melted zones
and the plume deposits on the quartz were done for X-mapping the elements Al, Mg and Ti.
The working distance of the camera for these experiments was ~ 40 cm,
/3

QUARTZ

Figure 31. a) Schematic of the DODO experiments and b) photograph of the actual pEtesVith the
quartz post laser treatment.

The composition and physical properties of the electrically fused ENO8 quartz glass are given
in Table 3. The transmission curve of the used glass indicates that the quartz is almost
transparent at the Yb:YAG laser wavelength of 1030 nm.

Table 3. Physical properties of fused quartz.

8.18 Al, 0.55 Li, 0.47 K, 1.24 Na, 0.5 Ca,
Elemental composition (%.ppm) 0.21 Fe, 3.51 Ti, 0.12 Mg, 0.01 Cu, 0.03 Cr,

0.06 Ni, 0.01 Mn, 0.04 Co, 99.995 SiO>
Molar mass (g.mol™) 60.08
Mass density (kg.m) 2230
Thermal conductivity (W.m1.K? 3.34
Heat capacity (J.kg.K?) 1048
Melting point (K) 1650
Boiling point (K) 2230
Refraction index 1.459
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Figure 32. Transmission vs wavelength characteristics for different cases of 1mm thick quartz plates
[269].

2.2.3. Overlap pulsed welding

In overlap welding experiments the vapor plume was observed to determine when the keyhole
traverses the interface between the two materials. The objective of these experiments was to
investigate the feasibility of employing HSI and spectrometry techniques to determine the
moment when the laser pulse reaches the bottom plate and to assess the impact of the second
material on the keyhole processes. Unlike the arrangement of the metal plates next to each
other in previously discussed butt configuration experiments, for the overlap welding
experiments the dissimilar metal plates were placed one above the other (Figure 33). A pulse
time from 1 tol5 ms was used with a 600 pm fiber and 600 pm spot size, with a power of
4.5 kW for 1 mm A5754 on 2 mm T40 and 2 kW for Imm T40 on 2 mm A5754.

Configuration 1 Configuration 2

EErEmm TR

Figure 33. Schematic for the arrangements of plates for the overlap experiments.

2.3. Characterization methods
2.3.1. Spectrometry
2.3.1.1. The spectrometer setup

The spectrometer used in this study consisted of a Monochromator and an Intensified CCD
camera. The Monochromator was a McPherson Model 209 with a 1.33-meter focal length and
/9.4 aperture, featuring an adjustable entrance slit with adjustable height and width (Figure
34). The light entering the spectrometer was first collimated by a curved mirror (focal length =
1.33 m) before being dispersed by a rotatable reflective grating (120 mm x 140 mm). Two
gratings with 300 lines/mm and 2400 lines/mm were utilized in this study, allowing for
wavelength observation in the range of 185 nm to 5.2 um (300 lines/mm grating) or 150 nm to
650 nm (2400 lines/mm grating) with respective resolutions of approximately 2.5 nm and 0.3
nm. The dispersed light was then refocused by another curved mirror and transmitted to the
CCD sensor. The grating position was controlled by the McPherson 789A-3 Stepper Drive
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Scan Controller [270], enabling the selection of a specific wavelength regime with a resolution
of approximately 3 ~ 4 nm when using the high resolution grating.

Collimating mirror Stepper motor Optional entrance slit

N
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Figure 34. Cross sectional top view of the McPherson model 209 spectrometer [271].

The light emitted from the vapor plume was collected by a set of 2 lenses (Figure 35) 50 cm
apart (with focal lengths 40 cm — collimating lens and 10 cm - focusing lens) to be focused into
a 3 m long optical fiber (diameter 230 pum). The magnification from this combination of lenses
is 4. Therefore, the light from a circular area (diameter ~1 mm) on the vapor plume was
collected into the optical fiber. These lenses and a holder for the fiber were mounted on an
optical bench which could be adjusted through translation and rotation to be able to collect
light from different points above the keyhole opening. Once the fiber was well positioned
exactly on the optical axis 10 cm behind the focusing lens, the other end of the fiber was
connected to a milliwatt laser pointer to allow focusing of the collection point. The collection
point was identified by placing a millimeter graduated block of metal on the point of impact of
a trial laser pulse from the YAG laser on the surface of the metal plates. Every single change
of the plates or the unnecessary physical displacement due to accidentally touching this optical
system necessitated repeating this manual refocusing method to avoid differences in the
position of the collection point from the keyhole openings between the different experiments
and due to changes in thlckness of the plates

\l f“ ; :T-i : / : » Optical fiber
(e )|

= 4,‘ I 'c LP— » Focusing lens
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Collecting lens

Optical bench
Adjustment knobs

\ A 4

Figure 35. Vapor plume/keyhole light emission collection setup for spectrometry.
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A Princeton Instruments PI-MAX 1K® Intensified-CCD camera [272] along with a Princeton
Instruments camera controller model ST-133 [273] was used to measure the wavelength and
intensity of the refocused light. The PI-MAX 1K® houses a Marconi CCD47-10© sensor
[274] with an 18 mm intensifier. The sensor had an imaging area of 13.3 mm x 13.3 mm in
which 1056 (H) x 1027(V) were active square pixels with a pixel size of 13 um x 13 um. The
usable pixels for our experiments were arranged in 1024 rows and 1024 columns, providing a
detection area of 177 mmz2. The spectral range of the detector is between 195 and 920 nm. The
light signal is amplified by an intensifier. The minimum acquisition time on the intensifier is
2 ns. The signal received by the camera was visualized using WinSpec software, which
provided the recorded spectra, representing the intensity of the received light for each column
of pixels. The acquired spectrum corresponds to the summation of the light intensities from the
pixels in a column.
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sensor [274], ¢) Princeton instruments ST-133 camera controller [273], d) Spectral response of the
sensor at -20°, and e) Spectral response of different types of intensifiers used in the PI-MAX 1K®.

Even though the intensifier could function with a minimum Gate width of < 2 ns, the repetition
rate was severely limited by the sensor due to its maximum readout frequency (5 Mpx/sec).
The Programmable Timing Generator (PTG) module in the ST-133 was used to execute pulsed
measurements with the camera without the need for an external trigger. The signal from the
camera was intensified and transmitted to the ST-133 controller for digitization. The digitized
signal was then transferred to a Windows XP computer, specifically a Dell Optiplex 780 with
a Core 2 Duo CPU E7500 2.93 GHz processor and 3.25 GB of RAM, via USB 2.0 for display
and storage. The spectroscopy software programs which were used to observe the image and
the spectra were WinView and WinSpec by Teledyne Princeton Instruments [275]. These were
not software development kits but rather offered some control over the camera and PTG for
data acquisition and analysis. These software programs are no longer supported due to
compatibility issues with the newer operating systems [275].
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Like HSI, several sets of experiments were done with spectroscopy for various welding
configurations and spectral acquisition parameters. The spectra in this study were acquired
using WinSpec software and saved in either .spe or .tif format. As the software is no longer
available for download and the spectrometer's computer is not connected to the internet, it was
not possible to install new programs on the machine. To extract metadata from the .spe files, a
macro written in JavaScript was used with the bio-formats importer [276] in FIJI. The resulting
metadata was saved in .csv format and imported into Excel for curation and summary using
VBA scripts. This allowed for the compilation and summarization of the entire body of
spectrometry work.

More than 2500 .spe files were made during the duration of this thesis. Overall, a total of 90
acquisition parameters were extracted from each file. 918 files among these were made to
capture the Hg (515), Deuterium (178) and Tungsten-Halogen (225) spectra for wavelength
and intensity calibration of the spectrometer. 174 files were used to capture the noise levels.
789 files were made while capturing the spectra during dissimilar welding. In this study, images
of spectra from laser welding were captured using 16-bit resolution (i.e., 65536 levels), while
32-bit resolution (i.e., 4294967296 levels) was used for calibration. A total of 140 wavelength
regimes were analyzed, and the time period of acquisition per spectrum was done, with a range
of options from 1 ms to 1 s. The number of spectra accumulated in a single .spe file also varied
between 1 and 100. In total, 124344 spectra were acquired in 2417 files. In cases where the
signal intensities were low, a higher number of accumulations were utilized. The intensifier
was also varied, with 16 different gains employed (ranging from 1 to 255).

2.3.1.2. Wavelength calibration

The changing spectral response of this sensor over temperature, coupled with the spectral
response of the intensifier necessitated wavelength and intensity calibration for each set of
experiments. For the wavelength calibration of the spectra, an Ar-Hg calibration lamp (model
HG1 - Ocean Optics) was employed. Spectra of mercury were acquired by adjusting the
position of the spectrometer grating, thus capturing the spectral lines at various locations on
the detector. This process enabled the establishment of a correspondence between the pixel
number and the corresponding wavelength for each grating position. Subsequently, a Matlab
program utilizing interpolation techniques was utilized to determine the precise spectral range
under investigation for a given grating position. The collected data, stored in a file, facilitated
accurate wavelength calibration for the recorded spectra.

2.3.1.3. Intensity calibration

The optical system's response, including signal collection and acquisition components such as
lenses, optical fibers, grating diffraction, and detector characteristics, depended on the
wavelength. To enable meaningful comparisons of spectra obtained across different
wavelength ranges, an intensity calibration was performed.

For the intensity calibration, a Halogen-Deuterium calibration lamp (DH 2000 - Ocean Optics
model) with a tungsten filament was used. This lamp had been calibrated in terms of spectral
irradiance (mW/cmz2/nm), denoted as E4;i, (1), throughout its entire operational spectrum.

The Deuterium lamp was suitable for ultraviolet (UV) wavelengths within the range of
[220-400] nm. It was observed that its emission decreased as the wavelength increased, with
discernible Deuterium lines being observed from 365 nm onwards. On the other hand, the
Halogen lamp exhibited an increasing emission trend with longer wavelengths, covering the
specified range of [300-1050] nm. However, it should be noted that the emission intensity at
300 nm was relatively low (Figure 37). For this study, the Halogen lamp was utilized to
examine spectral lines within the range of [380-600] nm.

64



* Halogen ¢ Deuterium

2.0 .

1.8

1.4 .
1.2 °

1.0 ¢

0.8 . 5

0.6 .

Spectral emittance (mW/cm2/nm)

0.4 ) .

0.2 .

0.0 e a 0 @
250 300 350 400 450 500 550 600 650 700 750

Wavelength (nm)
Figure 37. Spectral emittance of the calibration lamp.

Thus, the aim of spectral calibration was to facilitate the comparison of line intensities recorded
in different spectral regions. However, it should be noted that during spectrum acquisition, with
signal integration times varying between 1 ms and 1 second, it was crucial to reduce the noise
(i.e., any part of the signal not originating from the vapor plume radiation).

The acquisition procedure involved:

e Recording the spectrum of the vapor plume RawSpectrum(A), along with the noise
Noise(A) (the acquired signal before or after emission, using the same detector
integration time).

e Obtaining the spectrum of the calibration lamp, Cal(4), along with the corresponding
noise NoiseCal(4) (using the same detector integration time).

The calibrated spectral emission was derived using the following relationship:
RawSpectrum(A) — Noise(A)

Ecaii 52
Cal(A) — NoiseCal() X Ecaiip (1)

Emission (1) =

This calibration was used to compare spectra acquired in different spectral regions, where the
spectrometer could exhibit varying sensitivity based on the wavelength (detector sensitivity,
diffraction grating, and optical fiber sensitivity). However, it should be noted that the signal
acquisition chain (BK7 lenses used for imaging the plume onto the fiber optic input) was not
taken into account.

The obtained signal does not correspond to a metrological measurement. For instance, the solid
angle of the optical sampling systems was not considered. Additionally, the acquired spectrum
depended on operational parameters such as detector integration time, photomultiplier gain,
optical sampling system adjustments, spectrometer slit aperture, and so on. Therefore, the
calibrated spectrum is expressed in arbitrary units.

Furthermore, it is important to acknowledge that different results could be obtained depending
on the lamp used, considering factors such as lamp wear and the low emission of the Halogen
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lamp in the 300-400 nm range (resulting in greater uncertainty). Consequently, in this study,
only spectra calibrated with the same calibration lamp were compared.

A simplified representation of the spectrometric work done is given in Table 4 for ease of
understanding.

Table 4. Spectra processing procedure
SIGNAL ACQUISITION PROCEDURE

¢ Adjustment of the sampling system to target the desired area.
e Signal acquisition using WinSpec software.
¢ Configuration of acquisition parameters: monochromator slit width, integration time,
gain, spectral range.
¢ Acquisition of plume spectra and noise.
¢ Acquisition of Hg spectra for wavelength calibration.
¢ Acquisition of calibration lamp spectra and noise.
e Conversion of obtained files into text files for processing in MATLAB (one file per
spectrum).

SPECTRUM CALIBRATION PROCEDURE

e MATLAB Processing

Wavelength calibration

Reading calibration files and noise

Reading the reference file: Ref(l) calibration
Reading spectra and noise

Calculation of calibrated spectra

EXTRACTION OF SPECTROSCOPIC PARAMETERS

From the calibrated spectra, the PeakFit software is used to fit the line profile and extract the
primary parameters of the lines (wavelength, intensity, full-width at half-maximum), as well
as the background level.

¢ Line selection

¢ Extraction: wavelength, intensity, FWHM

¢ Background level

(e lR e R o R e AR e/

2.3.1.4. Extraction of the spectral characteristics

The wavelength calibration and intensity calibration are automated through a MATLAB
program. The next step in the analysis is to extract the characteristics of each selected peak,
including the central wavelength, intensity, and full-width at half-maximum (FWHM). For this
purpose, a commercial software called PeakFit [277] was utilized. The PeakFit software
provides "detected peaks,"” but it is crucial to verify the validity of these peaks in relation to
background noise fluctuations or to correct for any issues such as unresolved peaks or
auto-absorption. To ensure accuracy, a file containing the "observable peaks" has been
prepared.

2.3.1.4.1. Selection of observable rays : databases
Two databases were used:

The NIST database: Provides a list of observed or theoretical spectral lines. For observed lines,
it provides a “relative intensity” derived from the spectrum acquisition conditions, which may
have various experimental origins. However, with this information assessment of the
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significance of the lines can be done. For calculating theoretical intensities or estimating
temperature using the Boltzmann method, the Einstein’s coefficients (transition strength) i.e.,
transition probabilities (A5) may not always be available in this database.

The Kurucz database: Provides a list of analyzed spectral lines found in the literature. By
comparing theoretical models with experimental data, the analysis allows for the determination
of spectral information for the different listed transitions. Therefore, the database includes
various details for each studied line that can be used for predictions, such as energy levels,
electron configurations of lower and upper levels, and transition probabilities (A4y).

From studying the observable lines from these databases and considering the detected lines by
PeakFit, a file of observable lines is generated which are modified based on the data from NIST
and Kurucz. During this analysis, the following issues are also addressed:

= The problem of self-absorbed lines.
= Low intensity lines: determining whether they are due to background noise fluctuations
or actually low intensity lines.

2.3.1.4.2. Calculation of theoretical intensities

For a given temperature (T'), the theoretical intensity (I) of a spectral line (in arbitrary units) is
proportional to:

hc —Es
I=7><(2.]S+1)><As><e /kpT 53

Where, A, is the coefficient of Einstein for spontaneous emission (s), E;is the energy of the
excited state, (2.J; + 1) is the degeneracy of the excited state, h = 6.62607015x103* J.s,
ky = 1.380649x10%).K?, 1 cm™ = 1.98x10%3 J.

Indeed, it is possible to predict the relative intensity of existing transitions within a spectral
range for a given atomic element. The comparison of intensities among possible lines could be
done by identifying the lines with the highest relative intensities in the detectable range, the
presence of non-deconvolved lines (indicating the relative importance of each transition), or
the possibility of self-absorbed lines.

However, this intensity calculation does not take into account the density of atoms present. It
is not possible to directly compare the intensities of different atomic elements. For example,
there may be aluminum or magnesium lines with very high theoretical intensities (but present
in smaller proportions), resulting in smaller peaks compared to titanium lines with lower
theoretical intensities. The relative intensities of lines should be considered in the context of
the specific atomic element being analyzed.

2.3.1.4.3. Line assignment to observable peaks

Based on the data collected from the databases, an Excel file was prepared for each studied
spectral range, containing relevant information for the assignment of observed peaks.

This file included, the theoretical wavelength (in air), Emission line parameters (energy,
angular momentum J, electron configuration for the lower and upper levels), Einstein’s
spontaneous emission coefficient A, and the calculation of the theoretical intensity of the
transition for temperatures of 3000 K and 5000 K (following the detailed procedure described
in the previous section).

2.3.1.4.4. Optical peak detection and background subtraction of spectral analysis

The preprocessed spectra were analyzed using PeakFit to detect the peaks obtained and subtract
the background continuum. The "detected peaks"” suggested by the software and the file of
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"observable peaks" were used to define the peaks to be processed by the software. The fitting
of the preprocessed spectrum was performed using nonlinear least squares method between the
experimental spectrum and the calculated spectrum.

2.3.2. High Speed Imaging (HSI)
2.3.2.1. Cameras, basic image processing and experimental data sets.

During all the experiments with HSI, before and after each set of experiments, the physical
dimensions of the field of view were measured by taking an image of a ruler (Figure 40) and
by matching the resolution to the number of pixels to measure the objects of interest. Most of
the HSI done during this thesis was done by the discontinued Phantom v9.1 high speed camera
[278]. The spectral response curve for the Phantom v9.1 and v2012 has been provided (Figure
38, Figure 39).
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Figure 38. Phantom v9.1 spectral response curve [279]. (QE — Quantum Efficiency)
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Figure 39. Phantom v2012 spectral response curve [280]. (QE — Quantum Efficiency)
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Only the experiments in the overlap configuration were done using the newer Phantom v2012
high speed camera [153]. All the videos captured by the Phantom v9.1 were 8-bit in depth and
the videos captured by the Phantom v2012 had 12-bit images. In an 8-bit image, each pixel was
represented by an 8-bit number, which allowed for a total of 28, or 256, different values.

These values were typically used to represent different levels of gray, with 0 representing black
and 255 representing white. In between, there were 254 shades of gray, ranging from nearly
black to nearly white. The use of 8 bits per pixel allowed for a wide range of gray levels,
making it possible to represent a wide range of contrasts and details in the image. This was
often sufficient for many types of images, such as photographs and other images with a
moderate range of tones. However, in some cases, such as when dealing with very high-contrast
images or images with a very wide dynamic range, it was necessary to use a higher bit depth,
such as 12 bits per pixel (4096 gray levels), to fully capture all of the detail in the image.
Initially, the .cine video files were imported into an open source image processing software
called ImageJ [176] using the Cine File Importer plugin [281].

The "File" menu was accessed, and the "Import" option was selected. The .cine file was located,
and a dialog box was presented asking to choose the series to open. The correct series was
chosen, after which the video was opened, and the frames were able to be viewed in the ImageJ
window. The "Play" button in the ImageJ window was used, or the "Plugins > Animation >
Animation Options" were used to adjust the playing speed, loop, and other options. The "File
> Save As" option was used to save the video in a desired format, such as .tiff format. After
the initial period during the thesis, multiple .cine videos were directly batch converted to .tiff
using the Phantom Camera Control software [282] to save time.

A scale calibration procedure was performed utilizing ImageJ software to accurately align the
dimensions of the observed field of view with the corresponding digital image representation.
Because with varying working distances, resolution, and angle of tilt of the camera between
the experiments, it was essential to note the physical dimensions of the field of view. This was
done by capturing a photo of a ruler (Figure 40) in the plane of focus (before and after every
set of experiments) and matching the number of pixels for every resolution to the number of
millimeters marked on the ruler.

Figure 40. Capture of a steel ruler taken with 480x480 resolution using the Phantom v9.1 during one
of the pulsed welding experiments

The Phantom v9.1 camera was used to capture a total of 452 videos over a period of three years.
Some of the videos were not usable due to quality issues and were used as a reference to
optimize the acquisition parameters. It would be difficult to present all the experimental details
in a single table because of the wide range of parameters that were used, such as frame rates,
exposure times, and sensitivity.
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Instead of listing all the parameters in a table, the videos taken by the Phantom v9.1 can be
grouped into categories based on the wavelength of the optical bandpass filter used, the welding
mode, and the type of material being welded. Additionally, a few HSI acquisition parameters
will be listed for each category.

This information is presented in a chart, which is represented by three concentric circles in a
schematic (Figure 41). In summary, a simplified way of understanding the range of parameters
used in the video acquisition has been provided. The innermost circle represents the wavelength
of the optical bandpass filter used, the mid-concentric circle represents the welding mode, and
the outermost represents the material type. The additional parameters used for the videos taken
with the Phantom v2012 will be provided along with the discussion of results in the chapter 5.
During every set of experiments done throughout the duration of this thesis, the image
processing methodology was updated, the details of which will be provided in their respective
chapters.
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Figure 41. Sunburst chart representing the number of videos of acceptable quality made with the
Phantom v9.1 under different welding and acquisition conditions (numbers on the outermost arcs

represent the number of videos).
2.3.2.2. The Optical band-pass filters

During the experiments, different optical bandpass filters were utilized, with wavelengths of
810 + 3 nm and 394 £ 2 nm, and full width at half maximum of 10 £ 2 nm. The transmission
curves of these two optical filters are given in Figure 42. To state in simple terms, the two
filters were chosen to observe the infrared emissions and the atomic emissions from the vapor
plume. 394 nm filter was chosen because it was the only wavelength regime which had
fundamental atomic emissions from both titanium and aluminum.

70



394nm Interference Filter: 10nm FWHM, OD > 3.0 Coating Performance
FOR REFERENCE ONLY 810nm Bandpass Interference Filter: 10nm FWHM, OD >4.0 Coating Performance
100 FOR REFERENCE ONLY

a0 100

80 90

70 o

nsmission (%)
3 2

8
Tra

374 376 378 380 382 384 386 388 390 392 394 396 398 400 402 404 406 408 410 412 414 0 " Y T T
790 795 800 805 810 815 820 8235

Wavelength (nm) Wavelength (nm)

Figure 42. Transmission curves of the optical filters used with the HSI camera [283].

However, the choice behind the use of these two filters was not a simple one. Previous research
conducted in this field, which encompassed the work of former interns [284]-[286], made
significant contributions to understanding the spectral emissions of the laser welding vapor
plume. These studies constituted observations of spectral emission lines superposed over a
continuous underlying signal. The continuous background corresponded to thermal radiation.
This led to two different hypotheses.

The first hypothesis was that the thermal radiation originated from the melted surface, as the
light for the spectrometer was acquired at an angle of 20-30° relative to the horizontal surface.
It was possible that the thermal radiation emitted by the melted zone behind the vapor plume
was being visualized (with melting points (T,,,) 900 K for aluminum and 1940 K for titanium).

The second hypothesis was that the thermal emission could be coming from the dense vapor
exiting the capillary (boiling points (T;,) 2792 K for aluminum and 3560 K for titanium). And
s0, the optical setup was adjusted to make the spectral acquisitions almost horizontally with a
very low angle at about 1 to 2 mm above the plate (Figure 43). By doing this, any interference
to signal by the molten materials bulging up were avoided. Further justification for optimizing
the height of the acquisition point will be later seen in the HSI studies of the vapor plume
(section 4.3, p.113).
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Figure 43. Schematic to show position of the collection point for spectral acquisitions before and after
thermal radiation analysis.

And so, during this thesis, it was assumed that the radiation produced by the vapor plume was
due to the combination of thermal radiation emitted by an opaque and dense vapor plume core
and the emissions of atoms from the region with lower density where the vapor expands into
the surrounding air. HSI’s goal was to observe these different zones and their temporal
evolution. So, the initial idea was to define different spectral filters that would allow the
detection of the various components of the plume. And to make confirmations on these
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hypotheses from spectrometry, two types of filters had to be chosen: 1) to observe and study
the thermal radiation and 2) to observe and study only the atomic emissions from both
aluminum and titanium separately.

From the experiments, it was understood that observing aluminum lines was difficult.
However, it was noted that it was possible to detect emission lines from magnesium or
manganese, which were present in small quantities in the A5754 aluminum alloy. The search
for these emission lines are described in detail in section 4.5 (p.156). Nevertheless, the presence
of aluminum vapor generates a fundamental line, due to the transition of atoms between the
first excited level (with energy of 25347 cm™) and the ground state (has 2 sub-levels). The
fundamental lines of aluminum which correspond to the two transitions from these levels are
at 394.4 nm and 396.1 nm.

Titanium provides a very rich spectrum. The first excited level is at 6556 cm™, which is much
lower compared to aluminum (first excited level at 25347 cm™). About 60 energy levels are
observed to be lower than 25000 cm™. It is thus easy to excite titanium, and there are numerous
lines in the observable domain. But after spectrometric analyses, it was observed that titanium
emission lines were present in all regions where lines of aluminum or magnesium were
searched. The initial objective was to identify characteristic regions of aluminum and other
characteristic regions of titanium, but soon it was understood aluminum emission lines could
not be isolated in dissimilar welding.

Therefore, the region of the two fundamental lines at [393-400] nm was chosen for the
observation of aluminum. The spectra of aluminum and titanium are compared after welding
them separately. Figure 44.A shows the two fundamental emission lines of aluminum at
wavelengths of 394.4006 nm and 396.15201 nm. These lines correspond to emission between
the first excited level of aluminum (with an energy of 25,347.756 cm™) and its ground state
sublevels (with energies of 0 and 112.061 cm™). Figure 44.B was obtained from commercially
pure titanium (T40). It shows a multitude of lines, including a prominent titanium peak
consisting of two observable lines at 394.78 and 394.86 nm.

To study the simultaneous presence of titanium and aluminum, the spectrum of TAGV (titanium
base alloy with 6% aluminum and 4% vanadium) was studied. The spectral analysis showed
that the aluminum line at 394.40 nm was distinguishable and clearly separated from the nearby
titanium line by a distance of 0.38 nm. However, the aluminum line at 396.15 nm was more
difficult to deconvolve from the titanium lines.
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Figure 44. Comparison of spectra of A) Al, B) T40 and C) TiAI6V
Filter selection for thermal radiation observation: 810 nm

For HSI analysis, the 10 nm bandwidth bandpass interference filter centered at 810 nm was
used. Nevertheless, the question remained as to whether the observed phenomenon was due to
thermal radiation or to the emission lines of the vapor.

Typically, the spectra obtained from vapor plumes of T40 and A5754 (Al base, 2.6-3.6% Mg,
0.5% Mn) materials were acquired using a 2400 lines/mm grating. However, the use of this
grating limited the studied wavelengths to below 650 nm (section 2.3.1). And so, for this study,
the 300 lines/mm grating was used, which was optimized for the region of interest as it was
blazed at 750 nm. It was also noted that by the laws of diffraction/interference by a grating,
from 550 nm, second-order lines may be observed .

The results obtained from welding the A5754 aluminum alloy are presented in Figure 45.
Figure 45.A represents A5754 spectrum calibrated with the halogen lamp. The spectra in

73



Figure 45.B and C are the result of a simulation of the spectra of aluminum and manganese
obtained at the second order of the diffraction grating. The two peaks observed at 789 nm and
792 nm are the second order lines which correspond to the fundamental lines of aluminum
(394.40 and 396.15 nm), and the broad peak at 806-807 nm corresponds similarly to the
emission lines of manganese at 403.07, 403.30, and 403.44 nm.
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Figure 45. Spectra obtained in 810 nm region for A) A5754 with 300 lines/mm grating, and B) Simulated
2nd order lines of Al (1) and C) Mn (1).

In Figure 46, spectra obtained laser pulses on titanium are presented. Despite the presence of
many peaks, all the lines were identified as a second-order spectrum of titanium. Therefore, it
was concluded that there is no atomic emission in the 810 nm region transmitted through the
filter. This led to the conclusion that the images observed in HSI with the 810 nm bandpass
filter correspond to thermal radiation rather than the atomic emission of a particular element.
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Figure 46. A) T40 spectra obtained in the 810 nm region and B) the simulated 2nd order lines of Ti.

To further verify this conclusion, a spectrum was recorded with a high-pass filter at 500 nm. It
was observed that these lines disappeared from the spectrum, leaving only a continuous
background.

The influence of the spectral region on thermal radiation

The purpose of this theoretical study was to compare the thermal radiation emitted by the vapor
in the two transmission regions of the filters. Planck's law (Eqn.26, p.45) describes the spectral
radiance of a blackbody.

To compare the radiation received by the filters, the luminance was calculated over an interval
corresponding to the full width at half maximum (FWHM = 10 nm) of the filters

399 nm

Laoanm() = [ Ly A 54
389 nm
815nm

Lg10nm(T) = J Lr da 55
805 nm
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In Figure 47, the variation of the two quantities with respect to the vapor temperature is
presented. The green curve displays the ratio of the calculated luminance at 810 nm to 394 nm.
It was be observed that thermal radiation is more pronounced in the 810 nm region. Considering
the vaporization temperature of aluminum to be 2792 K, the ratio of radiation flux between the
two filter regions is by a factor of 20. For titanium with a vaporization temperature of 3560 K,
the ratio of radiation flux between the two filter regions is by a factor of 5.
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Figure 47. Comparison of thermal radiation emitted in the 394 nm and 810 nm regions.
2.3.3. Post-mortem characterization

After continuous welding, the samples were cut into pieces of approximately 1 cm in length
and width using the "Presi Mechatome T210" microcutting machine with the cutting disc
rotating at 3200 rpm over the samples at a speed of 0.5 mm/s (low speed to avoid uneven
edges). These pieces with keyhole cross sections were embedded in polymerized resin charged
in carbon, suitable for scanning electron microscopy. The polymerization was done using the
"Buehler Simplimet 2000" automatic mounting press, which enables polymerization through
the application of alternating compression, heating, and rapid cooling. After preparing the
polymerized resins, the samples were polished using the "Buehler PowerPro 5000 variable
speed grinder-polisher™. The polishing process consisted of three stages for Ti. The components
and parameters used in polishing the samples are given in Table 5.
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Table 5. Polishing program

Abrasive
SiC
Diamond
9 um
polycrystalline
suspension
SPM 0.03 pm
non-
crystalline
suspension

Stage Disc
1 P240, P300

RPM Pressure (N)
300 30

Time (S)
300

2 TOP 150 30 240

3 SUPRA 150 25 60

Then, the samples were chemically etched using Keller's reagent (190 mL H20, 5 mL HNOs3,
3 mL HCI, 2 mL HF) before being observed through the optical microscope. The Leica
Microscope M420 was used to measure the dimensions of the melted zones. The magnification
of the Leica microscope was limited to 325, with the magnification of the camera included. It
featured coaxial and lateral lighting by Schott KL 1500 LCD halogen lamp.

After pulsed welding, the samples were usually broken along the joint line for observation by
the optical microscope and SEM-EDS analysis. Furthermore, for the dodo experiments, the
quartz plates were also analyzed using SEM-EDS to investigate the vapor plume deposits on
the surface resulting from condensation.

Global observations of the cross-cuts and broken dissimilar melted zones were made using the
scanning electron microscope JSM-6610LA (Jeol) equipped with an EDS (Energy-Dispersive
Spectroscopy) analyzer. EDS was often used to provide detailed information about the
elemental composition of a sample. The distribution of the elements was evaluated using
X-mapping.

The description of the post-mortem characterization above for the different welding
experiments is condensed into the following table for ease of understanding.

Table 6. Post-mortem characterization details.

Experiment and Polished cross- Top view Broken sample

configuration section examination examination examination
Yes, Optical
Continuous welding | microscopy, SEM- Yes, SEM-EDS No
EDS
Butt No Yes, SEM-EDS Yes, SEM (No EDS)

Puls_ed Overlap No Yes, SEM-EDS YG‘TS’ Optical
welding microscopy

DODO No No Yes, SEM-EDS

Further details about the experimental techniques and evaluation methods are discussed in the

following chapters.
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Chapter 3. Evaluation and Findings In
continuous welding

The initial focus of the thesis was on investigating the vapor plume and keyhole behavior in
the dissimilar laser welding of A5754/T40 in the butt-configuration. Continuous welding was
chosen as the starting point to establish a foundation and preliminary understanding of the
process. It allowed for optimization of welding parameters and provided a basis for
comparative analysis. Additionally, practical considerations such as ease of implementation
and control played a role in the decision-making process. In this chapter dedicated to
continuous dissimilar welding, the experimental setup, a more detailed methodology of study
(HSI, spectrometry), the results (from HSI, spectrometry, and post-mortem analysis), and
finally a discussion on the most notable results and their implications and how to advance in
this research are presented.

3.1. Experimental setup

The experimental setup included a Yb:YAG laser, welding table, high-speed camera, and
spectrometer for observing and analyzing the vapor plume during welding (Figure 48). A laser
power of 3 kW was used with a 200 um diameter spot focused on the top surface of the
materials being welded. Argon flow protected the top (20 I/min) and bottom (10 I/min)
surfaces. Experiments were conducted using different positions of the laser spot relative to the
joint line (Figure 49). Videos were captured using an 810 nm filter with no additional lighting.
Welding speeds of 3 m/min and 8 m/min were tested because they corresponded to Rosenthal
regime and Single wave regime for standalone pure titanium [287], and thus allowed exploring
different keyhole dynamics. The welding time for each welding speed was adjusted to have a
corresponding weld length of 12 cm.

0.2 mm

Optical Flber/, p= v

3 mm

CCD
150 mm

To HSI camera

L1 :
Figure 48. Schematic for continuous welding in butt configuration (not to scale).
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Figure 49. Positions of the laser spot relative to the joint line.

The camera and spectrometer were positioned in a way to capture both front and side views of
the plume. If the camera was placed to capture the front view, the signals for the spectrometer
would be collected from the side, and vice-versa. Imaging the vapor plume from both the side
and front was done to observe and compare the similarities or dissimilarities in the shape and
size of the plume. Similarly, spectrometry was done from the front and the side to analyze the
relationship between spatial distribution of the chemical composition of the vapor plume. Both
the locations offered significant advantages and disadvantages. Having the camera on the side
and the spectrometer collecting light from the front, allowed observation of the effects of the
inclination of the front keyhole wall on the vapor plume while providing an uninterrupted view
for the spectrometer. And having the camera parallel to the joint line allowed observation of
the effects of the keyhole side walls on the vapor plume. Whichever device was placed on the
side, the optical signal to it from the vapor plume was periodically interrupted twice by the
holders which held the metal plates firmly attached to the welding table. The camera was
slightly elevated than the surface of the metal plates and the acquisition was done at an angle
(~13°) in order to be able to have a view of the joint line which in turn was useful to focus
correctly. However, it was not possible to place the camera or the spectrometer to film with a
rear view or right-side view due to the spatial and logistical constraints (Figure 28.a, p.58) The
in-situ observation of the vapor plume done by the high-speed camera was in the infrared
wavelength regime using an 810 nm bandpass filter to observe the thermal radiation
(Section 2.3.2.2, p.70).

3.2.  Vapor Plume studies — High Speed imaging

In this study, the behavior of laser-induced vapor plumes was initially investigated with HSI
for standalone Ti and A5754 at 4000 fps. Results showed that Ti produced a stable and
luminous plume even at low exposure times of 10 ps. In contrast, A5754 resulted in a diffuse
vapor plume of low luminosity accompanied by a high amount of chaotically emitted spatters,
which were hardly distinguishable even at an exposure time of 520 ps. When welding
dissimilar materials, such as Ti and A5754, with the laser beam centered on the joint line, a
plume of intermediate luminosity, associated with intense emission of spatters was produced.
Based on these findings, the optimal exposure time for dissimilar welds was chosen to be
120 ps. The untreated images of A5754 and Ti vapor plumes with an exposure time of 520 ps
and 10 pus respectively are presented (Figure 50) to demonstrate the differences in luminosity
between the two plumes of these standalone materials.
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Figure 50. Vapor plumes (side view) of A) A5754 captured with 520 ps exposure time and B) Ti
captured with 10 ps exposure time (Laser power:3 kW, Welding speed: 3 m/s).

3.1.1. Image processing - Standard deviation images

The standard deviation projections generated from a series of plume images in ImageJ can
provide valuable insights into the spatial distribution and variability of pixel intensities within
the plume. By analyzing the standard deviation image, the regions of high intensity
fluctuations, indicating areas of significant changes or activity of the vapor cloud could be
identified. Since each video consisted of thousands of images containing a very diffuse
cloud-like object (plume) that varies irregularly in shape, size and position, the method that
was used to initially study the vapor plume characteristics was by finding the areas of high
variability in pixel intensity levels. A standard deviation image was made from the stack of
images in ImageJ. Then, the "Z Project" function was applied to the stack, selecting the
"Standard Deviation" option. This function was used to calculate the standard deviation of the
pixel intensities for each position in the stack. The Auto Threshold function was utilized to
binarize the standard deviation images, resulting in well-defined edges of the vapor plume
which allowed for accurate estimation of its dimensions.

The Z Project function in ImageJ allows users to create a single image from a stack of images.
The Standard Deviation option offers an improved representation of the stack, as it calculates
the average for each pixel in the stack, subtracts the average from each value, and allows the
user to specify a range of values to be considered in the computation. This range can be defined
as the number of standard deviations from the average, thus eliminating outliers from the
calculation. The standard deviation projection (Figure 51) takes the standard deviation of the
pixel intensities through the stack, with positions with large differences in the pixel intensities
through the stack appearing brighter in the image [288]. This technique provides a more
accurate representation of the stack and can be used to improve the quality of analysis of
datasets.
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Figure 51. Schematic representation of standard deviation image with the numbers representing the
gray values of each pixel [288].

3.1.2. Results — Vapor plume side view

The standard deviation projections indicated that the plume created by welding on titanium
plates (Figure 52. a) was significantly larger than that of welding on A5754 plates (Figure
52. b), with the plume formed in dissimilar welding having intermediate dimensions (Figure
52. ¢, d). The majority of spatter was present on the A5754 side (which can be observed when
the plates are inversed (Figure 52. c, d)), while the titanium side remained mostly spatter-free.

The luminosity difference between aluminum and titanium produced by Yb:YAG laser, results
from their respective absorptivity to the laser radiation. Aluminum has a lower absorptivity
(Table 2 p.57). As a result of the lower absorptivity of aluminum (4 = 10-30%) compared to
titanium (4 =~ 40%), there is lower energy input into the process. In addition, the higher
vaporization temperature of titanium (7 = 3560 K) compared to that of aluminum
(7v= 2792 K), indicates that the titanium vapor plume at a higher temperature produces a more
intense continuous thermal emission than the aluminum vapor. These plume dimensions
correspond with studies that have found plume temperatures near the boiling point of aluminum
for an energy density of 1 MW/cm? [289], and titanium with much higher temperatures of
around 8000K when welded with CO: laser [51] and 6000K when deposited with 1070 nm
fiber lasers [203].
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Figure 52. Standard deviation projection (on the left) and binary images (on the right) of the side view
on the vapor plume during the laser welding of (a) standalone Ti, (b) A5754 and (c-d) Ti/A5754 joint
with zero laser displacement from the joint line with laser power of 3 kW , welding speed of 3 m/min.

While the standard deviation images were not the most efficient to understand the temporal
behavior of the vapor plume, they provided an accurate representation of the luminosity in
general and an overview of the shape of the plume, in other words, where the plume is being
emitted. And so, varying the laser beam offset on the joint line produced changes in the plume
luminosity and shape (Figure 53).

Moving the laser spot 0.2 mm towards the aluminum side from the joint line (Q = - 0.2 mm)
produced a very small and dull vapor plume similar to the plume from the welding of
standalone A5754. While the laser spot position (Q = - 0.1 mm) produced a similar weak and
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dull plume which was only slightly bigger, brighter and a little more continuous. However,
moving the spot towards the titanium side (Q =+ 0.1 mm) produced a very luminous vapor
plume that was associated with an increase in spattering towards the A5754 side. And the laser
displacement (Q = + 0.2 mm) produced a very stable, highly luminous, spatter-free plume
similar to plume from the welding of standalone titanium.

(b) Q=-0.1 mm

joint line

(c)Q=+0.1mm (d)Q=+0.2mm

joint line

Figure 53. Lateral view on the plume between Ti and A5754 plates welded with different laser beam
offsets from the joint line, 3 kW and 3 m/min (exposure time of 120 ps, STD images).

3.1.3. Results — Vapor plume front view

Similar to the side-view standard deviation images, the standard deviation images of the frontal
view of the vapor plume provide information on the general position and the shape of the vapor
plume. The standalone materials T40 and A5754 showed similar behavior as previously
observed in the side view with the titanium plume being bright and the aluminum plume dull
and hardly visible (Figure 54).

Vapor jet

Melted zone 3 «— Jointline

Figure 54. Standard deviation images for the frontal view of the vapor plume for: a)T40 (exposure 30)
and b) A5754 (exposure 240) for the welding speed of 8 m/min.).
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The STD images (brightness enhanced: + 25 %) from both the experimented welding speeds
3 m/min and 8 m/min indicated the presence of two jets of vapor : (1) a vertical jet and (2) an
inclined jet towards the aluminum side that coincides with the direction of the spatters emission
that can be seen in Figure 53.C. The inclination of the vapor jet seemed to be around 43° ~ 45°
(Figure 56 (a)). The vertical jet was 7.28 mm in height and 1.82 mm in width while the inclined
jet was 5.07 mm in height and 4.39 mm in width for the welding speed of 3 m/min.

Although the presence of these two jets were indicated by the STD images, temporal analysis
was performed to study the periodicity in the occurrence of the inclined vapor jet. This was
done by studying specific areas (boxes marked for the vertical and inclined jet in Figure 56 (a).
These two jets could be attributed to the instability of the keyhole wall within the aluminum-
rich liquid, as illustrated in Figure 56 (b). The inclination of the vapor plume mirrors the tilt of
the associated keyhole wall and typically occurs towards the rear of the continuous weld, as
documented by Fabbro et al [156].

When analyzing the standard deviation images, the inclined part of the vapor plume
characteristically present only in dissimilar welding appeared to vary depending on the laser
spot position relative to the joint line.

Al .02 -0 0 +0.1 0.2 Ti
;
[a]
P
(7]
e Al ¢ Ti|a $ qla W qla rla ™ 0 - g

Figure 55. STD images for standalone, dissimilar welding plumes in front view with 3 kW at 3 m/min.

On pure titanium alone, welding at a speed of 3 m/min conforms to the Rosenthal regime,
characterized by a nearly vertical keyhole front wall. Conversely, at 8 m/min, it falls into the
single wave regime, featuring an inclined keyhole front and a liquid wave at the rear of the
keyhole which had been previously observed [287]. However, when adjacent to the aluminum
alloy, noticeable periodic fluctuations in the weld occur. In this scenario, the rapidly solidified
molten material retains the shape of the keyhole opening (Figure 56 (d)), with the resulting
defects spaced 2 mm apart.
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Figure 56. Dissimilar vapor plume front view (Q = 0 mm) for (a) welding speed 3 m/min; (b) the scheme
of keyhole fluctuation with straight (1) and inclined (2) plume situations; (c) welding speed 8 m/min
and (d) corresponding SEM image of the top view of the weld.

The presence of vapor plume in the mentioned specific areas was done by calculating the
average gray values for every image in the video. This was done for each of these boxes
separately in ImageJ through the following steps. The “Set measurements” option was used to
set the “Mean gray value” to be measured. And then the region of interest (the box mentioned
earlier) was selected using “Rectangle” tool. And then “Image>>Stacks>>Measure Stack” was
used to perform the measurement on the region of interest for every image in the video. This
measurement calculated the average or mean of all pixel gray values within the region of
interest for each image and displayed them as a table. These mean gray values were found to
be in the range of 0 to 200. The tables for the different jets were later exported to Microsoft
Excel for charting (Figure 57). These charts were used to understand the occurrence of the
vertical and inclined jets temporally. Only fragments of these charts are represented here since
the durations of the entire welds span 0.12~1.2 seconds depending on the welding speed.

And from these results, it was noted that for the welding speed of 8 m/min (Figure 57 (a)), the
vapor plume (with gray values between 0 and 120) exhibited periodical behavior of
(15.5~16 ms) corresponds to the repetitive pattern visible from the top view of the melted zone.
It was also notable that the intensity of the vertical jet increased when the inclined jet
disappeared or decreased in intensity. This indicated a periodical reorientation of the vapor
plume (Figure 56 (c). This periodical reorientation of the vapor plume led to the hypothesis
that there was periodical destabilization of the keyhole wall on the aluminum side. The inclined
jets have a lifetime of 9.3 ms corresponding to a welding distance of 1.24 mm while the vertical
jets have a lifespan of 6.7 ms. So, it was inferred that the inclined jet corresponds to the thinner,
defect-free segment of the weld where the liquid appears to flow out from the melted zone onto
solid A5754. The instances when the vertical jet prevailed similarly correspond to the visible
keyhole opening and the solidified liquid wave expulsion. The keyhole opening’s inclination
on the keyhole’s front wall and the presence of the solidified material expulsions along the rear
wall indicate the occurrence of the single wave regime.
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But for the welding speed at 3 m/min (Figure 57 (b)), not much periodicity or correlation
between the occurrences of inclined and vertical jets (gray values between 0 and 210) were
observed. However, the maximum average gray value reached up to 200 which is significantly
higher than what was observed for the welding speed of 8 m/min. It was supposed that this
increase in the intensity of the plume arose from the higher lineic energy deposited on the
material at a lower welding speed.

The duration of the inclined jet was governed by the following sequence: as the aluminum-rich
liquid reached its boiling point, causing evaporation-induced material loss and the subsequent
inclination of the keyhole wall on the aluminum side, the titanium-rich liquid entered from the
opposite side of the keyhole, not yet having reached its boiling point. When the wall
temperature eventually attained the boiling point of titanium, an increase in keyhole pressure,
driven by the contribution of titanium vapor, led to the expulsion of the vertical jet,
accompanied by a substantial wave of liquid passing the keyhole. At 8 m/min, this process was
observed periodically due to the extended duration required for heating the titanium-rich liquid
to its boiling point. In contrast, at 3 m/min, the higher linear energy ensured continuous heating.
Nonetheless, the dominant aluminum evaporation resulted in a robust inclined jet, while a less
intense vertical jet was generated by titanium evaporation.

(@) —e—Inclined jet X maximal grey value : 120

—e—Vertical jet

0,6 0,61 0,62 0,63 0,64 0,65 0,66 0,67 0,68 0,69 0,7
Time (s)

1 1,01 1,02 1,03 1,04 1,05 1,06 1,07 1,08 1,09 11
Time (s)
Figure 57. Fragments of temporal variation of mean gray value in the zones situated in vertical and

inclined vapor jets formed during T40/A5754 welding with centered laser beam at (a) 8 m/min,
(b) 3 m/min.

During the welding of standalone materials at a speed of 3 m/min, no periodic fluctuations
were observed in the vapor plume, consistent with the appearance of regular weld surfaces
(Figure 58). Notably, the intensity of the plume was significantly lower for A5754 (with a gray
value of <100) compared to titanium (<210). Additionally, sporadic, powerful explosive-like
bursts accompanied by a high emission of spatters were observed in the A5754 weld.
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Figure 58. (a) Temporal variation of the mean gray value between 0.3 s - 0.4 s in vertical vapor jets of
standalone materials formed during welding at 3 m/min, (b) top view of Ti weld and (c) A5754 weld.

When the welding speed was increased to 8 m/min, a consistent and smooth weld appearance
was maintained by titanium, while noticeable irregularities were displayed in the A5754 weld,
appearing as prominent bumps separated by distances of 6-8 mm (Figure 59). The maximum
mean gray value decreased to 40, which can be attributed to the lower plume temperature
compared to the 3 m/min case.

~ 0.400 maximal grey value : 40

— 0.447

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
Time (s)

Figure 59. Temporal variation of the mean gray value (between 0.15 s — 0.55 s) in the vertical vapor
jet in welding of A5754 at 8 m/min with the corresponding top view of the weld.

The fluctuations in the mean gray value above the keyhole revealed distinct and forceful bursts
separated by approximately 45 - 50 ms, corresponding to the frequency of observed patterns.
These bursts could be associated with the periodic ejection of a substantial amount of liquid
material past the keyhole. An explanation for the occurrence of these significant bursts or
spikes during aluminum welding was provided by Paleocrassas and Tu [207]: the presence of
a sufficient liquid layer in front of the keyhole promotes the evaporation of aluminum from the
illuminated liquid phase, resulting in a relatively calm vapor cloud. However, continuous
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heating eventually leads to boiling, accompanied by violent evaporation, creating a more
intense plume. Once a sufficient quantity of liquid is lost, the process returns to a calmer state
until the next overheating event. In contrast, for the titanium alloy, more stable behavior of the
keyhole is exhibited, regardless of whether the welding speed is low or high [287].

Although several features were observed about the shape and orientation of the vapor plume
corresponding to the features of the melted zone, spectroscopy was deemed necessary to
understand the composition of the vapor plume.

3.3.

To understand the composition of the vapor plume, emission spectroscopy was performed to
complement HSI and provide correlation to the post-mortem observations of the melted zone.
Based on previous data which constituted the examination of T40 and A5754 vapors in 14
spectral zones between 210 nm — 600 nm using an echelle grating (300 lines/mm — width of
spectral region = 30 nm), 12 spectral regions (Table 7) were chosen for inspection to study the
emission lines of Ti, Al and Mn in continuous welding. The emission lines in these zones were
studied using another echelle grating (2400 lines/mm — width of spectral region = 4 nm) with
higher resolution (refer 2.3.1 p.61). Similar to HSI, the spectra of Ti and A5754 were first
acquired separately and then, the spectra of dissimilar welding with different laser
displacements from joint line were acquired.

Vapor plume studies — Spectrometry

Table 7. Spectral regions observed.

263.9 nm —266.8 nm
278.0 nm —280.9 nm
292.1 nm—295.0 nm
324.3 nm — 327.2 nm
333.3 nm - 336.2 nm
356.6 nm — 359.5 nm

393.6 nm —396.5 nm
400.1 nm —403.0 nm
464.2 nm — 467.1 nm
487.9 nm —490.8 nm
516.4 nm —519.3 nm
554.5 nm —557.4 nm

3.2.1. Emission spectra of Ti in continuous welding

Among the 12 spectral regions observed, no signal was present for wavelengths less than
300 nm. From 320 nm, there was a part of the continuous thermal emission, which increased
initially and became constant after 550 nm. Only the lines of Ti (1) were observed essentially
(with the possibility of Ti (I1) lines existing in the magnitude of the background noise) (Figure

60).
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Figure 60. Emission spectrum of standalone materials during continuous laser welding (3 kW, 3 m/min)
in 402 nm spectral region.
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In order to make an estimation of the temperature using the Boltzmann’s method
(Egn. 35, p.47), certain transitions that satisfy the following conditions were selected such as:
isolated lines, sufficiently high signal-noise ratio, no saturation of CCD and no self-absorption.
These lines are indicated along with their characteristic data from NIST [200] and Kurucz [290]
databases in Table 8.

Table 8. Transitions used in Boltzmann’s method for standalone Ti welding with continuous Yb:YAG
laser. (Au_s — Einstein’s coefficient, Ei ,Es— energy of lower and upper levels, Ji , Js — degeneracies of

lower and upper levels, Dir — Standard deviation of intensities).

Eelﬁin the(:ulfetic As (s Ei (cm™) Conf. Ji| Es(cm?) Conf. Js | Intensity g
al (nm)

Til | 401537 | 5.721E+07 16817.16 (3F)spz5F | 1| 41714.41 s4F)4d e5G 2 | 8.03E+09 | 1.44E+09
Til | 402.182 | 4.795E+07 16961.44 (3F)sp z5F | 3| 41818.81 s4F)4d e5G 4 | 7.41E+09 | 1.03E+09
Til | 402.457 | 6.142E+06 386.87 s2 a3F 4| 25227.22 (3F)sp y3F 3 | L.77E+10 | 1.28E+09
Til | 402.654 | 3.570E+07 17075.26 (3F)sp z5F | 4 | 41903.48 s4F)4d e5G 5 | 1.21E+10 | 1.60E+09
Til | 403.051 | 4.889E+08 17215.39 (3F)spz5F | 5| 42019.13 s4F)4d e5G 6 | 1.11E+10 | 2.70E+09
Til | 464.518 | 8.568E+07 13981.77 (4P)4s a5P | 1 | 35503.40 (4P)4p w5D 0 | 7.29E+09 |2.27E+08
Til | 465.000 | 2.642E+07 14028.44 (4P)4s a5P | 2 | 35527.75 (4P)4p w5D 1 | 5.18E+09 | 1.98E+08
Til | 465.646 | 1.985E+06 0.00 s2 a3F 2 | 21469.49 (3F)sp z3G 3 | 2.75E+10 | 3.30E+08
Til | 466.757 | 2.175E+06 170.13 s2 a3F 3| 21588.50 (3F)sp z3G 4 | 3.11E+10 | 3.54E+08
Til | 517.374 | 3.796E+06 0.00 s2 a3F 2 | 19322.98 (3F)sp z3F 2 | 1.28E+10 | 1.94E+08
Til | 519.295 | 3.483E+07 170.13 s2 a3F 3| 19421.58 (3F)sp z3F 3 | 1L.67E+10 | 2.13E+08
Til | 556.545 | 1.408E+07 18037.21 | (2H)4s a3H | 4 | 36000.15 (1G)sp y1G 4 | 491E+09 | 1.52E+08

The slope of the Boltzmann line (Figure 61) was estimated in a MATLAB program using linear
least squares scaled standard deviation of intensities (a;). The slope that corresponds here to
the temperature of Ti atoms was estimated to T, = 8697 K. The associated uncertainty 1900 K
only takes account of the quality of the lines (non-aligned experimental points).
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Figure 61. Boltzmann plot (weighted) for standalone Ti welding.
3.2.2. Emission spectra in continuous welding of A5754

Among the 12 spectral regions studied, only three regions contained observable transitions
from Al (1) and Mn (). The expected (from the NIST and Kurucz databases) and observed
transitions from these regions are listed in Table 9. In the spectral regions of low wavelengths
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(257 nm — 266 nm), the emission lines of Al (1) were not observed even in the cases where
resonance could occur. In addition, the continuous thermal radiation was not observable either.

Table 9. The expected and observed (in bold) transitions for standalone A5754 during continuous
Yb:YAG welding.

Element | As theoretical (nm) | As(s?) | Ei(cm®)| Conf. | J | Es(cm®) | Conf. | Js | Intensity
All 256.7984 2.20E+07 0.00 3p 2P 1/2| 38929.41 |4d 2D 32| 2567.984
Mn | 257.276 2.44E+08 | 18531.64 | (6S)spz8P | 7/2| 57388.90 | d54p2e8P | 9/2| 2572.76
All 2575094 2.66E+07 | 11206 |3p 2P 3/2| 38933.97 | 4d 2D 5/2 | 2575.094
All 2575393 437E+07 | 11206 |3p 2P 3/2| 3892941 | 4d 2D 3/2| 2575.393
Mn | 257.551 3.06E+08 | 18531.64 | (6S)spz8P |5/2| 5721815 | d54p2e8P | 7/2| 257551
Mn | 258431 3.79E+08 | 18705.37 | (6S)spz8P | 9/2 | 57388.90 | d54p2e8P |9/2| 2584.31
Mn | 259.294 3.96E+08 | 18531.64 | (6S)spz8P | 7/2| 57086.33 | d54p2e8P |5/2| 2592.94
Al 265.2484 1.34E+07 0.00 3p 2P 1/2 | 37689.41 |5s2S 1/2 | 2652484
All 266.0393 2.65E+07 | 11206 |3p 2P 32| 37689.41 | 5s 2S 1/2 | 2660.393
All 394.40058 5.10E+07 0.00 3p 2P 1/2 | 25347.76 |4s 2S 1/2 | 3944.0058
All 396.152 101E+08| 112.06 |3p 2P 32| 25347.76 | 4s 2S 1/2| 396152
Mnl 401.81 2.03E+08 | 17052.29 | (5D)4sabD | 9/2| 41932.64 | (5D)4pz6D | 7/2| 4018.1
Mnl 403.076 1.36E+08 0.00 d54s2 a6S | 5/2| 24802.25 | (6S)sp z6P | 7/2| 4030.76
Mn | 403.307 1.32E+08 0.00 d54s2a6S | 5/2 | 24788.05 | (6S)spz6P | 7/2| 4033.07
Mn | 403.449 6.32E+07 0.00 d54s2a6S | 5/2 | 24779.32 | (6S)spz6P | 7/2| 4034.49
Mn | 403573 2.64E+08 | 17282.00 | (5D)4sa6D | 7/2| 42053.73 | (5D)4p z6D | 5/2| 4035.73
Alll 466.680 125869.02 | 5p 1P 1 |147290.98| 11s1S 0 | 4666.80

With increasing wavelength, continuous thermal radiation appeared and continuously
increased. In the spectral region of 395 nm, two lines of Al were observed. These lines were
resonance transition, leading to auto-absorption.

In the 467 nm spectral region, Mn (1) line is observed. Only in the 400.1 nm — 403.0 nm spectral
region three Mn (1) lines of sufficient intensity were observed (Figure 62), and so this region
was chosen as a region of interest for dissimilar welding study, because Ti () lines were also
present in this wavelength range.
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Figure 62. Emission spectrum of pure A5754 during continuous laser welding (3 kW, 3 m/min) in
402 nm spectral region.

3.2.3. Emission spectra of T40/A5754 continuous dissimilar welding plume

As mentioned before, only the 400.2 nm — 403.0 nm range was considered to be of interest for
the dissimilar welding study since it contained Mn (1) lines of sufficient intensity and multiple
Ti (1) lines. Because the observation of this spectral region presented information about the
evaporation of T40 and A5754 simultaneously, 12 spectra with an acquisition time of 20 ms
and 4 accumulations were acquired during the welding process to observe eventual
fluctuations. The spectra acquired for dissimilar welds (Figure 63 (a)) with different laser
displacements from joint line are given. For each case, the sum of 12 spectra per condition is
given with noise removed and intensity calibrated.
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Figure 63. The plume spectra of (a) dissimilar welds with a different beam offset from the joint line
acquired in a spectral region of 402 nm; (b) analysis of the intensity variation with a beam offset.

The presence of both the Mn (1) lines and Ti (1) lines in all the dissimilar welding experiments
indicated the simultaneous vaporization of T40 and A5754. The Mn (1) lines (marked in bold
in Table 10) are the emission lines produced from resonance. Since the higher energy levels of
these Mn (1) lines have very close values, the estimation of temperature from these lines was
not possible. For the offsets on A5754, the signal observed was weak. The continuous thermal
emission of the plume was low, and the observed lines corresponded to Mn (1) and resonance
transition of Ti (I). However, it was interesting that even with maximum laser displacement on
A5754, Ti (1) lines could still be observed. This presence of Ti (1) lines for the maximum beam
offset on aluminum corresponded to the post-mortem observation of minor quantities of Ti in
the melted zone (Table 11).

This intensity of the lines was maximum when the beam was centered on the joint line which
indicated that there was simultaneous evaporation of Ti and Al alloy (Figure 63 (a)) which
could be due to the higher absorption coefficient of titanium along with the easier excitations
of the Ti atoms compared to Al. For the beam offsets on T40, the spectra observed had slightly
less intense Ti | emission lines because higher energy was needed for keyhole development
without the joint gap initially participating in the keyhole formation. While the intensity of the
Mn (1) lines decreased with the increase in the offset of T40, they were still present even for
maximum beam offsets on T40 due to the transport of the A5754 alloying elements into the
Ti-rich melt.
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When comparing the spectra of Q < 0 with the spectra from standalone titanium (Figure 60), a
difference in the ratio between the Ti (I) resonance lines (Es = 25,000 cm™) and the most
energetic lines (Es = 42,000 cm™") could be noted. This disparity indicates that the vapor plume
had a significantly lower temperature during the dissimilar welding compared to the standalone
titanium. To estimate the temperature of the plume accurately, three reliable Ti (1) transitions
(Table 10) were selected. The peak at 400.8 nm was not considered to contain two lines due to
difficulties in deconvolution. With suboptimal quality of the spectra and a limited number of
available transitions, only a primitive approximation of the plume temperature was feasible
using the Boltzmann plot method. For Q =+ 0.2 mm, the CCD frequently reached saturation,
leading to the saturation of spectral lines. Consequently, the temperature calculation was
conducted solely with the remaining unsaturated spectra, resulting in a less robust outcome
compared to Q =0, + 0.1 mm.

The obtained results from the Boltzmann plot method were as follows: T = 5967 K for Q =0,
Te = 5072 K for Q=+ 0.1 mm, and T = 6157 K for Q =+ 0.2 mm. Despite the preliminary
nature of these estimations, it was apparent that the vapor temperature in the dissimilar welding
process (ranging from 5000 to 6000 K) was considerably lower than the temperature observed
during standalone titanium welding (9795 + 394 K). This observation suggested that the
presence of aluminum, which exhibits a lower absorption coefficient to Yb:YAG radiation,
higher thermal diffusivity, and higher excitation energy values compared to titanium, leads to
a less efficient laser-material interaction, resulting in a significantly weaker vapor plume which
directly correlated to the HSI observations.

From Figure 63 (b) the intensity variations of Ti | 400.800 nm, Mn | 403.307 nm lines, and
average thermal emission for different beam offsets can be compared. Drastic attenuation
occurs from Q = - 0.1 mm, indicating keyhole formation in Al-rich liquid. This correlates with
reduced vapor plume luminosity. For Q > 0, high absorption and low thermal diffusivity of Ti
suggest that the keyhole is situated mainly in liquid titanium.

Table 10. The observable transitions for dissimilar T40/A5754 welding with continuous Yb:YAG laser
(Blue : Emission lines used for temperature estimation with Boltzmann’s method in case of dissimilar

welding)

As
Element | theoretical A_‘f Ei (cm™) Conf. Ji | Es(cm?) Conf. Js
(nm) (s%)
Til 400.805 | 2.96E+07 | 17075.26 | (3F)spz5F | 4 | 42017.98 |s(4F)adeSH| 5
Til 400.892 | 7.03E+06 | 170.13 s2 a3F 3 | 2510741 | (3F)spy3F | 2
Til 401358 | 2.20E+07 | 17215.39 | (3F)sp z5F 5 | 4212374 | s(4F)4deSH | 6
Til 401537 | 5.72E+07 | 16817.16 | (3F)spz5F | 1 | 4171441 |s(4F)4de5G| 2
Til 401776 | 448E+07 | 1687512 | (3F)spz5F | 2 | 4175753 |s(dF)adesG| 3
Mn | 401.810 | 253E+07 | 17052.29 | (5D)4sa6D | 9/2 | 41932.64 | (5D)4p z6D | 7/2
Til 402181 | 4.80E+07 | 1696144 | (3F)spz5F | 3 | 4181881 |s(4F)4desG| 4
Til 402457 | 6.14E+06 | 386.87 s2a3F 4 | 2520122 | (3P)spy3F | 3
Til 402.653 | 357E+07 | 1707526 | (3F)spz5F | 4 | 4190348 |s(4F)4de5G| 5
Til 403051 | 4.890E+07 | 1721539 | (3F)spz5F | 5 | 4201913 |s(4F)4de5G| 6
Mnl 403076 | 1.73E+07 0.00 4s2 abS 5/2 | 24802.25 | (6S)spz6P | 7/2
Mn 403307 | 1.64E+07 0.00 4s2 abS 5/2 | 24788.05 | (6S)sp z6P | 7/2
Mnl | 403449 | 158E+07 | 0.00 4s2a6S | 52 | 2477932 | (6S)sp z6P | 3/2
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3.4. Keyhole and melted zone studies: Post-mortem observations

When the dissimilar welds were examined from a top-down view, significant changes were
observed in the melted zone features with varying beam offset from the joint line. Pure Ti welds
exhibited a regular and symmetric joint line (Figure 64.b), whereas aluminum alloy resulted in
more fluctuating melted zones with larger spatters, resembling the behavior of standalone
A5754 (Figure 64.d). Notably, when the laser spot was shifted to the A5754 side, the weld
features and color changed, indicating the dominance of liquid aluminum and the keyhole's
location in the Al-rich liquid (Figure 64.g,h).

(@)
+0<3 il:> -0
|

laser spot

(b)

AS5754

@) (h)

Figure 64. (a) Beam offset sketch and top view of e welds ma with a laser poWer of 3 kW and
welding speed of 3 m/min in (b) standalone Ti, (c) Q = + 0.2 mm, (d) standalone A5754,
(e) Q =+ 0.1 mm, (f) Ti/A5754 joint, (g) Q =- 0.1 mm and (h) Q =—0.2 mm.

In the weld cross-sections (Figure 65), distinct Ti-rich and Al-rich domains were observed
within the melted zone. This was attributed to the substantial difference in melting points
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between liquid Ti and liquid Al. The early solidification of liquid Ti limited the mixing time
between the two phases while the efficiency of mixing was directly influenced by the
convection currents near the joint line.

It was possible to calculate the global dilution of Ti (dy;) using Eqn.56 from the areas of Ti-
rich (Ay;) and Al-rich (A4s754) ZONES.

A

doi = — T8
T Ap + Aps7sa

=100 56

As the laser beam position gradually shifted from Ti to Al, a consistent decrease in Ti dilution
was observed, ranging from 67 at.% to nearly 0 at.% (Table 11). The centered beam position
resulted in a mere 38.6% dilution of Ti, which can be attributed to its higher melting point
compared to the aluminum alloy. This stepwise shifting of the laser spot not only reduced the
Ti-rich areas of the melted zone but also influenced the mixing patterns between the Al and Ti
liquids. When the welds were offset on the Ti side, a nearly straight interface between the Al
and Ti-rich zones was observed, with mixing primarily occurring within a thin diffusive
interface accompanied by localized fragmentation from convection. This restrained mixing was
attributed to the formation of a stable keyhole entirely situated in the Ti-rich liquid which was
previously observed by Casalino et al. [29]. On the other hand, for the laser spot positions
Q =0and Q= -0.1 mm, the mixing had been more intense, indicating the mutual involvement
of Ti and Al-rich liquids in the convection movements along the walls of the highly fluctuating
keyhole. Interestingly, the maximum beam offset on the Al side (Q =- 0.2 mm) resulted in
minimal Ti melting and consequently no mixing occurred.

QO=+02mm QO=+0.1 mm Q= 0mm Q=-0.1 mm Q=-02mm

Figure 65. Optical microscopy and combined X-map view of weld crosscuts corresponding to the
different beam offsets (laser power 3 kW, welding speed 3 m/min).

The welds with significant mixing (Q = 0 and +0.1 mm) exhibited the lowest ultimate tensile
strength (UTS) among the samples, while those with a diffusive interface showed improved
UTS (Table 11). Notably, the welds achieved their highest UTS value of 144 MPa when the
beam offset on titanium was maximized, indicating the formation of a stable keyhole in the
titanium material.
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Table 11. Data from optical microscope and SEM-EDX.

Average chemical composition (at.%)
Q | dyp Ti—rich zones Al —rich zones UTS
mm) | % . Main . Main MPa
Ly Ti Al | Mg | Mn Ti | Al | Mg | Mn ( )
phases phases
+0.2 [ 56.7 [ 9392 | 6.00 | 0.08 [ 0.00 | o-Ti 1.00 | 9491 [ 3.96 | 0.13 Al 131
-Ti
+0.1 | 47.8| 90.01 | 9.94 | 0.05 | 0.00 ﬁi A, 054 | 9544 | 393 | 0.09 Al 44
3
0 386 | 77.77 | 22.00 | 0.23 | 000 | Ti;Al | 027 | 9565 | 3.99 | 0.09 Al 114
Ti, Al+ Al+ALTi
01 | 94 | 67.60 | 32.00 | 040 | 0.00 | 2 11.00 | 8563 | 3.37 | 0.00 : 131
TiAl | 1.16 | 9462 | 4.00 | 0.10 Al
0.2 0 - - - - - 350 | 92.40 | 4.10 | 0.10 | Al+ALTi 144

For beam offsets of Q > 0, the melted zones exhibited Al-rich compositions similar to the
A5754 alloy, with very low titanium content due to the limited solubility of titanium in
aluminum. However, at a beam offset of Q = 0.1 mm, the intensified mixing process resulted
in the formation of noticeable amounts of brittle AlsTi phase, as indicated in Table 11. In
contrast, due to the favorable solubility of aluminum in a-Ti, the titanium-rich zones contained
significant amounts of aluminum in the form of a solid solution and TisAl phase. As the beam
offset shifted from titanium to the joint line (Q = + 0.2 mm to 0 mm), the dissolved aluminum
content progressively increased, ranging from 6 at.% (in the a-titanium solid solution) to
22 at.% (in the homogeneous TisAl phase). Notably, at a beam offset of Q = - 0.1 mm, the
intense mixing nearly dissolved the entire titanium-rich liquid, leading to the important
formation of a high quantity of TisAl and TiAl intermetallic phases. Lastly, a maximum beam
offset of Q = - 0.2 mm resulted in the absence of a titanium-rich zone.

The examination of minor elements, namely Mn and Mg, offers further insights into the
behavior of the melt, as indicated in Table 5. When the laser was offset on Ti, the Al-rich zones
of the melt experienced a noticeable reduction in Mg and Mn compared to the initial amounts
found in A5754 (4.00 = 0.10 at.% Mg and 0.14 £ 0.15 at.% Mn). In contrast, the Ti-rich zones
contained only negligible quantities of Mg and no Mn. A similar pattern was observed when
the laser was centered, but the Mg content in the Ti-rich zone became more prominent,
potentially due to the smaller volume of molten Ti.

When the keyhole was completely moved in the Ti-rich liquid, the Ti-rich melt reached its
maximum temperature and lifetime, facilitating the diffusion of Mg and Mn atoms from the
Al-rich zone into the Ti-rich zone, followed by evaporation from the keyhole. The presence of
Mn 1 lines in the plume, even with an offset of = 0.2 mm, when the keyhole is distant from
the A5754 alloy correlated with this observation (Section 3.2.3).

In a unique case (Q = - 0.1 mm) Al-rich area is observed to be encased within a fragmented
flow of Titanium (Ti). This isolated Al-rich area lacked Mn and had only a minimal Mg content
of 3.37 at.%, signifying substantial elemental loss due to evaporation. Adjacent to this, the
Ti-rich flow held 0.40 at.% Mg and was devoid of Mn. However, the outer part of the Al-rich
area, on the other hand, had an Mg content near to that of the base material while there was a
reduction in Mn, down to 0.01 at.%.

This pattern suggested that the keyhole was present in a region of intense mixing which allowed
a loss of the elements of the alloy through vaporization. However, the resulting colder plume
did not provide sufficient energy for the effective excitation of Mn atoms. This led to weaker
emission lines, as depicted in Figure 63 (b).

Lastly, the maximum shift of the keyhole on A5754 (Q = - 0.2 mm) led to a uniform decrease
in Mn content to 0.01 at.% without significant alteration in Mg quantity, indicating a lower
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temperature of the keyhole and less intense evaporation process. This aligned with the
formation of a less luminous plume (Figure 53 (a)) and emission lines with lower intensity
(Figure 63 (b), (c)).

3.5.  Continuous welding: conclusions and perspectives

The vapor plume from the dissimilar welding of T40 and A5754 was critically studied
simultaneously using spectroscopic characterization and high speed imaging techniques in situ.
The vapor plume morphology, brightness, and estimations of temperature were studied for
different welding conditions. The vapor plume characteristics inferred from the obtained results
were associated with the post-mortem analysis of the welded joints.

A stable and intensely luminous vertical plume was observed for standalone titanium. The
plume's temperature, estimated from the emission spectra comprising only Ti I, was determined
to be 9795 £ 394 K. The resulting welds displayed a remarkably regular profile, indicative of
the formation of a stable keyhole.

During the continuous welding of standalone A5754 alloy, a much less luminous and highly
diffuse plume was observed, which was associated with intense spattering. Due to its low
temperature, several expected lines of Al | could not be detected, while the detection of Mn |
lines was possible due to the lower energy level of the first excited state for Mn. The estimation
of the plume temperature using the Boltzmann plot method was not possible. However, it can
be inferred that the plume temperature must be close to the boiling point of the alloy. The plume
presented itself in the form of vertical outbursts, which were random for a low welding speed
and periodic at higher speed, reflecting the unstable behavior of the keyhole. Consequently, the
produced welds exhibited significant surface roughness at low speed and periodic bumps at
high speed. It was noted that further investigation of other spectral regions was necessary to
identify more observable lines of Al.

In dissimilar welding with the beam centered on the joint line, the simultaneous formation of
an inclined vapor jet reflecting the instability of the keyhole wall on the liquid aluminum side,
and a vertical vapor jet representing the contribution of Ti evaporation, was observed. At a low
welding speed, these jets were present simultaneously, and their intensity fluctuations remained
correlated. At a higher speed, the plume underwent periodic inclination, where the vertical
position of the jet coincided with the intense expulsion of matter due to the boiling of Ti, which
was associated with the formation of a hole-like defect.

The plume temperature in dissimilar welding was found to be lower than that of standalone Ti
welding, estimated to be 5967 K. This estimation supported the hypothesis of the keyhole being
shared between liquid titanium and aluminum.

The plume was found to exhibit increased luminosity and stability, with temperatures ranging
between 5000 and 6000 K, when the beam was offset on the titanium side. This offset resulted
in reduced spattering and minimized mixing between the melted materials, consequently
having maximum joint Ultimate Tensile Strength (UTS). Notably, Mn | lines were still
observed in the plume, originating from the evaporation of Mn atoms that had diffused from
the Al-rich portion of the melt.

Conversely, when the beam was offset on the A5754 alloy, the plume experienced attenuation
while spattering intensified. The intensities of both Mn I lines, and continuous thermal emission
decreased, suggesting a complete shift of the keyhole within the liquid Al, starting from the
tangent position of the laser spot to the joint line.

For all tested operational conditions in dissimilar welding, the evaporation process involved
both the molten materials, since all spectra had Ti (1) and Mn (1) lines, however this did not
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signify that the actual keyhole was shared between Ti-rich and Al-rich liquids at all times. And
while Mn (1) lines were observable in the 467 nm spectral region the line of Al (I) is not
observed in this region, which signified that there was no ionization of Al.

The keyhole was found to be completely in Ti-rich liquid for the maximum laser displacement
on Ti (+ 0.2 mm), and this resulted in a highly luminous and stable plume with negligible
spattering. Moreover, the absence of mixing between Ti-rich and Al-rich liquids facilitated the
formation of a stationary, undisturbed keyhole. A tangential beam offset on Ti (+ 0.1 mm) also
led to the formation of the keyhole primarily in the Ti-rich liquid due to the lack of intense
mixing between Ti and Al. Notably, the layer of liquid Al likely had to have been melted by
conduction.

Centered beam position apparently involved both materials, because of intense convective
mixing in the melted zone, associated with formation of fluctuating plume with periodical
inclination towards Al side, which signify the instability of keyhole wall formed from Al side.

The displacement of the beam on A5754 was associated with progressive increase of spattering
in the rear and lateral (towards A5754) directions. Attenuation of the plume luminosity was
observed from beam offset of (- 0.1 mm) on A5754 while associated with important dissolution
process between molten materials. This indicated the preferential formation of the keyhole in
Al-rich liquid. Complete (- 0.2 mm) beam offset on A5754 leads to very low melting of Ti and
the keyhole entirely situated in Al alloy.

The vapor plume observations constituted the most interesting part in this study. We observed
the process of excitation of atoms due to thermal radiation. The vapor jet exiting the keyhole
was very dense and behaved similar to a blackbody, which explains its nature of emitted
thermal radiation. Yet, the plume was transparent to the Yb:YAG laser radiation. May be the
periphery of the vapor plume has lower density, and this was why atomic emission was
observable. In this way, it can be hypothesized that the atoms were excited only from thermal
radiation i.e., the population of the energy levels follows Boltzmann distribution. Moreover,
since the thermal radiation varies according to Planck’s law, it was understandable that there
is a correlation between the emission curve of the black body and the excitation of the atomic
levels. In the same way, the absence of thermal radiation and atomic emission in shorter
wavelengths (lower than threshold wavelength) regions can be justified.

Especially in dissimilar welding, the peak at 401.8 nm which contained both Ti (1) and Mn (1)
lines demonstrated the variations in the plume behavior with the variation of laser displacement
from joint line. The resulted intensity was determined by Ti (1) and then by Mn () contribution.
However, the same could not be done for peak at 400.8 nm which contained two lines that were
difficult to deconvolve due to the fluctuations of the spectra. Ti (I) emissions still present in
the plume for the maximum beam offset on A5754 correlated with the fact that the melted zone
also contained some quantity of Ti. To progress further, it would be necessary to take into
account the rapid fluctuations of the spectra, which are significant, since the plume evolves
temporally in continuous welding. Similarly, from HSI the relationship between the welding
speed and the observed periodicity in the inclination of the vapor plume is not clear. This
necessitates the observation of the vapor plume with spectroscopy and HSI in lower time
frames in the range of a few milliseconds to verify if these conclusions are valid.
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Chapter 4. Phenomenology of pulsed
welding

4.1. Introduction

Following continuous welding experiments, it was concluded that examining the front view of
the vapor plume in lower time frames (several milliseconds) was necessary to gain a better
understanding of the inclined vapor jet phenomenon and its spatial and temporal characteristics.
One of the challenges encountered during the experimental process was determining the
appropriate laser power and pulse duration, as well as the parameters for HSI and spectral
acquisitions to have observable plume formation in each material separately and also in their
dissimilar combination. This posed a significant obstacle, as these variables can significantly
affect the quality and repeatability of the results. The selection of the laser fiber was also
deemed to be important. The 600 pum fiber was chosen for the laser based on the reasoning that
a wider laser spot diameter would lead to a broader keyhole opening and thus, a bigger plume.
And the previous tested 5 laser spot positions in continuous welding were also applied for
pulsed welding. However, the change in the laser spot diameter from 200 pum to 600 pum led to
the sharing of the laser energy on both the materials for all laser spot positions. This was an
important consideration because the keyhole opening plays a crucial role in laser welding, and
any changes to the keyhole could significantly impact the vapor plume behavior.

Q=-0.2 mm Q=-0.1mm Q=0mm Q=+0.1mm Q=+0.2 mm
Al @B Ti

Figure 66. Schematic for the 5 different laser spot positions in pulsed laser welding of dissimilar
materials.

So, in order to observe/study the phenomenology of dissimilar plume above the butt-joint, the
HSI camera was always placed in the front and the spectrometer acquisitions were made from
the A5754 side. Another added advantage of this setup was that since the welding table does
not move during the laser pulse duration, there was no interruption of the optical signal for the
spectrometer by the plate holders.
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Figure 67. Schematic for pulsed welding experiments in butt-configuration.

The primary objective of the initial experimental campaign was to observe the plume behavior
during the initiation of the keyhole at the beginning of the pulse. In addition, it was also useful
to establish the welding parameters required for pulsed welding in the butt-configuration,
especially the optimal laser power and pulse duration for studying the vapor plume and keyhole
behavior. Additionally, it was necessary to formulate a better image processing methodology
than what was done for continuous welding.

4.2. Preliminary studies
4.2.1. HSI acquisitions using 810 nm bandpass filter

4.2.1.1. Laser and HSI Parametrization

The initial set of experiments was done with laser powers from 400 W to 3 kW and pulse times
1 ms to 6 ms with the HSI in the front view and the spectral acquisition from the A5754 side
as shown in the schematic (Figure 67). HSI videos were captured for these welding parameters
with the Phantom v9.1 camera attached with an 810 nm optical bandpass filter. The HSI camera
was at an angle (~ 13°) with respect to the horizontal plane. At the wavelength of 810 nm, the
continuous thermal emission of the vapor plume is observed.

Based on the continuous welding experiments (section 3.2, p.79), and the visual observation of
the plume characteristics during pulsed welding, it was identified that the titanium plume
(clearly visible even at 10 us) was too bright, leading to sensor saturation and subsequent image
distortion, particularly under high exposure conditions. Conversely, the aluminum plume
(poorly visible even at 520 us) was found to be very dull, especially when lower powers,
durations, and exposures were used. Therefore, 120 us was chosen as the optimum intermediate
value for the pulsed welding experiments. The different plumes when observed with an
exposure of 120 us for different laser powers are represented in Figure 68. It could be observed
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that for the titanium plume, image bleeding from over-saturation could be observed from
800 W. Because titanium has a high absorption coefficient (Table 2, p.57) leading to a bright
plume/keyhole formation even for the laser power of 800 W. And aluminum with low
absorption needs much more power (at least 2.6 kW) to form a similar plume. The faintest of
plume appearance only starts at 2 kW for Al. Therefore, a compromise was necessary in the
choice of the welding power in order to have the best possible outcomes for HSI.

..

A) Ti

Figure 68. Vapor plume images (at maximum height) for 2 ms pulses on standalone materials for
120 us exposure time, A) Titanium, B)Aluminum.

The laser welding parameters were chosen to be 2 kW laser power and 2 ms laser pulse
duration. The HSI videos which were captured at 6400 fps at 480 x 480 resolution with an
exposure time of 120 ps. No additional illumination was used.

First the videos were converted from .cine to .tif format (section 2.3.2.1 p.68). At 6400 fps,
every 2 ms pulse every video should constitute a stack of 13 images (Figure 69) with during
which the laser pulse was active among several 100s of images, However, it was noted that the
time required by the laser to heat the material before the start of the vapor plume jet, and the
vapor plume or spatters present after the end of the laser pulse constituted a stack of images
that were more than 13 in number (~ 60 frames).
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Figure 69. Stack of 13 images of the standalone A) Aluminum (brightness, contrast adjusted) and B)
Titanium plume including the start of the pulse. (810 nm, 2 kW, 2 ms).

4.2.1.2. Image Processing Methodology

Using ImageJ, these stacks were separated and then they were cropped manually for each video
to remove the melted zone to allow only the vapor plume to be present in the video. This
process had to be done manually because very small changes in the positions of the camera that
occurred during manual focusing led to changes in the position of the point of impact of the
laser on the metal in the images.

And also, due to the varying plume brightness between the different materials or the laser spot
position relative to the joint line, the gray values had to be normalized by equalizing the stack
histogram. However, such a normalization method also augmented the background noise, the
bleeding effects and other artifacts produced from not imaging in ideal conditions (Figure 70).
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Figure 70. Cropping and normalization of gray values from original image for 810 nm titanium plume.

In order to remove the augmented image artifacts after normalization, thresholding of the stacks
with a lower limit of 128 for the gray value was done, 128 being 50% of the maximum gray
value 255 for an 8-bit image. As this thresholding step allowed image segmentation into the
plume and non-plume zones, the next step was to find an appropriate method to measure the
plume characteristics.

The measurement of the plume profile remained a difficult task as it was an irregular and
continuously changing shape. However, to quantify the plume profile, it was assumed that the
plume can be approximately bounded within the perimeter of an ellipse. And so, with this
approximation, the lengths of the major axis, the minor axis and the angle of the major axis of
the ellipse with respect to the horizontal corresponded to the height, the width and the angle of
the vapor plume. The fitting of this ellipse to the plume profile was done in conjunction with
the previous step of the thresholding in Imagel by first setting the threshold by
“Image>>Adjust>>Threshold>>Set” (Figure 71.A) and entering ‘128’ in the “Lower
Threshold Level” field (Figure 71.B). This allows setting the minimum threshold to 128 for
measurement without modifying the image. Without applying this threshold to the image, the
‘Threshold’ window was closed to perform the measurement by first setting the measurements
to be made by “Analyze>>Set Measurements” (Figure 71.C) and checking the boxes for ‘Fit
Ellipse’ and ‘Limit to threshold’, and then actually performing the measurements by
“Image>>Stacks>>Measure Stack..”. This would create a ‘Results’ window (Figure 71.D) with
the lengths of the major and minor axes and the angle of the major axis for each ellipse that
was fit on the plume edge limited within 128-255 threshold for every image in the stack. This
data is then sometimes pre-processed by setting the scale for the image or later treated in post-
processing by converting the number of pixels to millimeters (the values for the Major and
Minor axes shown in the ‘Results’ window Figure 71.D are calculated in pixels’ unit length),
changing the angle values to be relative to the vertical Figure 71.E, etc.
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Figure 71. A, B, C, D) Image processing method in ImageJ; E) 128-255 threshold on a plume sample;
and F) Fitting Ellipse on the selection.

As it can be noted from Figure 71.F, the dimensions of the ellipse (lengths major and minor
axes) only approximately match the dimensions of the plume. The magnitude of this incertitude
in the spatial dimensions of the plume was however less than 10 % of the size of the plume.

Another type of uncertainty lies in the calculation of the average of the property from multiple
videos. This incertitude (Y-error bars in Figure 75, Figure 76, Figure 77) arising from averaging
the height, width and the angle of the plume from several videos (A5754 : 3, T40 : 13, for each
laser spot position of A5754/T40 dissimilar plume : 9), is calculated using the half-range
formula:

) ) ) Maximum value — Minimum value
Uncertainty in Y — axis = > S7

Equally important was the incertitude in the temporal scale because the exact frame in the video
at which the laser pulse began was unknown. For the frame rate of 6400 fps, the two
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consecutive images n and n + 1 are separated by the time lapse (t,+; —t,) Of 156 ps.
Therefore, the incertitude of +78 s to the interaction time corresponded to each image.

The axial (V) and transversal (1}.) velocities of expansion of the plume envelope (Figure 72)
were evaluated basing on the average values of height and width according to the expressions:

H —H
I/Z — n+1 n 58
tn+1 - tn
W, — W,
th1 — n

Figure 72. Schematic representation for the axial and transversal velocities of the plume expansion.
4.2.1.3. General observations on plume behavior and morphology

Since the 810 nm optical bandpass filter allowed acquisition of the continuous thermal emission
of the vapor plume, originally it led to very dull images for standalone aluminum alloy and to
very bright plume images for titanium. This problem was however treated by normalization
(section 4.2.1.1, p.100). The experimental results revealed a distinct difference in the behavior
of the vapor plumes formed by the standalone materials. Specifically, the aluminum alloy
plume adopted a stagnant spherical shape, while the titanium plume took on a mushroom-like
form that quickly transformed into an intense vertical jet, with some turbulence emerging
towards the end of the pulse (Figure 73).
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Figure 73. Side by side comparison of the standalone and dissimilar plumes at different instances
(810 nm, 2 kW, 2 ms).

The images of the plume with laser pulse centered on the dissimilar joint line (Figure 74) were
with an intermediate level of luminosity. These plumes appeared more diffuse and turbulent
compared to those of the standalone titanium. And also, a distinct inclination to the aluminum
side was noted. Common sense dictates that the dissimilar plume (Figure 73, Figure 74)
behavior according to the laser spot position can be attributed to several factor such as, the
lower absorption, higher reflectivity, and greater thermal conductivity of aluminum relative to
titanium, as well as the difference in their respective vaporization temperatures (Table 2, p.57).
It would also seem that the amount of absorbed laser irradiation of the titanium side of the
dissimilar joint would make a major contribution to the local heat transfer. While the dissimilar
plumes with the laser spot positions moved towards the aluminum side appeared to be more
inclined, when the laser spot positions were moved towards titanium from the joint line, they
are more vertical in nature. The beam offset on aluminum augmented the plume's inclination
and decreased its height, whereas the beam offset on titanium produced plumes that were higher
and less inclined.

This clear inclination towards the aluminum side is not only related to the laser spot's position
relative to the joint line but also the interaction time, as it can be seen at the 0.5 ms mark of
Figure 73, the dissimilar plumes (especially with the laser spot centered on the joint line and
moved towards aluminum) appear more inclined, while they are mostly vertical at the 2 ms
mark.

0.00000 ms 0.15625 ms 0.31250 ms

1 000 ms 1.40625 ms oy 875 r 1.87500 ms

Rl

Figure 74. Stack of 13 images of the dissimilar plume (Q = 0 mm) including the start of the ulse.
(810 nm, 2 kW, 2 ms).
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4.2.1.4. Quantitative characterization of the plume — dimensions, orientation, and expansion velocities.

The "Fit ellipse” tool was an effective means of quantifying the dimensions and orientation of
the plumes discussed earlier. Through visual analysis and the data generated by this tool (Figure
75), it was confirmed that the standalone aluminum vapor plume had a spherical shape with a
height less than 1 mm throughout the pulse duration. In contrast, the titanium plume quickly
expanded to up to 14 mm, occasionally exceeding the field of view. The dissimilar plume
displayed intermediate behavior depending on the laser spot position relative to the joint line.
As the laser spot shifted from aluminum to titanium, the plume height also increased
accordingly. However, when the maximum laser displacement was applied to aluminum, the
plume height temporarily decreased after the initiation stage. A similar pattern was observed
on pure aluminum, even though on a smaller scale. The momentary decline in plume intensity
can be credited to the elimination of the alumina layer, which intensely absorbs the laser
radiation until it is replaced by the remarkably reflective liquid aluminum. This substitution
can be associated with a temporary reduction in surface temperature. In the case of other beam
offsets, the height of the plume remained only slightly lower than that of standalone titanium,
emphasizing its significant role in the vaporization process.
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Figure 75. Evolution of the vapor plume height on standalone materials and dissimilar welding with
different laser spot positions during a 2 ms, 2 kW laser pulse.

The vapor plume width (Figure 76) surpasses the diameter of the laser spot (600 um) in all
conducted experiments. While standalone aluminum welding results in a plume with a
minimum width of below 2 mm, standalone titanium exhibits a maximum width of 3 mm.
However, dissimilar joints generate a considerably wider plume (up to 6 mm) for all tested
beam offsets. This may be attributed to the presence of two competing jets: a vertical jet and
an inclined jet. The widening of the plume could have occurred from the mixing of these two
vapor jets, leading to an enhancement in turbulent effects. Moreover, in experiments with laser
displacements of 0, -100 pm, and +100 pm, a reduction in width is observed towards the end
of the pulse as the competing jets merge into a unidirectional jet.
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Figure 76. Evolution of the vapor plume width on standalone materials and dissimilar welding with
different laser spot positions during a 2 ms, 2 kW laser pulse.

For all the laser spot positions, the average angle of inclination of the vapor plume towards
A5754 (Figure 77) peaks between 0.5 and 1 ms. When comparing the plume inclinations during
this initiation period between the different laser spot positions, it is observed that the inclination
is proportional to the beam offset on A5754. While the laser spot displacement towards Ti
(Q= +0.1and + 0.2 mm) produces a plume with < 15° inclination towards A5754, the plume
angles for beam offsets on A5754 (Q = - 0.1 and - 0.2 mm) were much higher (> 30°).When
the plume reaches the highest inclination for the respective laser spot positions, a short period
of stagnation in the inclination values is observed. After the stagnation period, the plume angle
reverts back to vertical.
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Figure 77. Evolution of the vapor plume inclination angle for dissimilar welding with different laser
spot positions during a 2 ms, 2 kW laser pulse.

108



The maximum average inclination of the vapor plume towards the A5754 side (Figure 78) was
directly proportional with the amount of laser incident on A5754. The minimum inclination or
the inclination towards the T40 side do not exhibit such behavior.
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Figure 78. The evolution of maximal and minimal observed inclination angles for the dissimilar joints
with different Q.

During the initiation stage, the average of plume expansion velocities (Figure 79) of pure
A5754, T40, and the dissimilar joints exhibit notable differences. Standalone A5754 produces
a plume that expands uniformly in both axial and transversal directions at a velocity of
approximately 3.5 - 4 m/s. On the other hand, the pure T40 alloy generates a much faster plume
with a significant axial expansion velocity of 38 m/s and a transversal velocity of 9 m/s. These
differences in plume behavior are due to the differences in the laser absorption coefficients and
thermophysical properties of the two materials. Examining the plume velocities in dissimilar
joints highlights the increasing influence of the T40 alloy as the laser spot displacement shifts
from A5754 towards T40. Such beam offset leads to an upward trend in the axial velocity that
approaches the value for pure T40, and also indicates higher temperatures in the interaction
zone due to the prominent contribution of the T40 alloy. The transversal velocity shows a
different behavior with a low value of 6.8 m/s for the maximum beam offset towards A5754.
For the rest of the laser spot positions, the values are approximately 10 m/s which are close to
that of T40.
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Figure 79. Average plume expansion velocities in the axial and transversal directions during the
initiation phase.
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4.2.2. Post-mortem investigation

SEM-EDS analysis (Figure 80) showed distinct and characteristic patterns of melt ejection and
spattering, with a pronounced preference towards the aluminum side, correlated by the
observed plume inclination. Remarkably, for the maximum beam offset on A5754
(Q=-0.2 mm), the entirety of the melted zone was confined to the aluminum side, while
localized ejection of melted titanium was also observed towards the aluminum side within the
melted zone.

Q -0.2mm -0.1mm 0mm 0.1 mm 0.2 mm

1 mm
Figure 80. Aspects of the impact zone observed by SEM compared with plume inclination for t = 0.5 ms.

For Q = - 0.1 mm, the observation revealed the emergence of a distinct keyhole formation
occurring during rapid solidification of the molten material. Notably, the keyhole exhibited an
inclined opening towards the aluminum side, with the right portion of the melted zone enriched
in titanium and the left part comprising a mixture of both materials (Figure 81.A). The offsets
Q =0 and + 0.1 mm exhibited analogous melt aspects, characterized by elongated ejections of
the mixed melted zone towards the aluminum side (Figure 81.B).

A unique formation occurred in the morphology of melted zone when employing the maximal
offset on the titanium side (Q =+ 0.2 mm). The presence of two discernible solidification fronts
could be explained as follows: Initially, ejection of the Ti/Al mixture occurred on the aluminum
side similar to the preceding cases. However, there is a second solidification front, a donut-
shaped formation of melted titanium region surrounding the keyhole opening. Significantly,
this melted titanium region displayed an absence of discernible inclination towards aluminum
(Figure 81.C).
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Figure 81. X-mapping of Al (in red) and Ti (in blue) distribution in the melted zones with beam offsets
on A5754 of A)-100 pm, B) 0 pm and C) 200 pm
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4.2.3. Insights into keyhole dynamics within 2 ms by HSI and post-mortem analysis
4.2.3.1. Conclusions from the preliminary investigations

It was understood from the previously discussed results and conclusions from HSI and post-
mortem analysis that the plume inclination can occur not only in continuous welding but also
in pulsed welding with pulse times as short as 2 ms.

Standalone aluminum welding produced a small spherical vapor plume with approximately
1 mm diameter, while standalone titanium produced a strong vertical jet that showed no
significant inclination. In contrast, the dissimilar plume showed inclinations towards A5754
with angles dependent on the position of the laser spot to the joint line and time period, with
inclination increasing when the laser spot moved towards aluminum and decreasing when it
moved towards titanium. Furthermore, for all beam offsets, maximum plume inclinations were
observed during the first millisecond and declined thereafter.

From temporal analysis, it was observed that in pulsed welding, the inclination of the plume
appeared mostly at the beginning of the pulse. Whereas in continuous welding at a high welding
speed, the inclination of the plume happened periodically. It is reasonable to assume that this
periodicity in continuous welding happens because new parts of the metallic plates become
involved in the melted zone with time.

These observations led to the hypothesis that different stages of plume inclination correspond
to different stages of keyhole development. In particular, for Q =+ 0.2 mm, which corresponds
to 5/6 of the beam diameter on the titanium side, the presence of two solidification fronts can
be explained in the following manner: at the beginning of the pulse, the plume is slightly
inclined. The melted zone is ejected on the A5754 side. Later, the second solidification front
which is symmetrical and composed only of Ti corresponds to the formation of the vertical
plume jet as the keyhole is drilled deeper on the Ti side. On the other hand, the other beam
offsets only show the melted zones with pronounced ejection on the A5754 side.

Based on these observations, it can be deduced that the inclination of the plume and its
evolution during the pulse must be due to the transformation of the keyhole profile (Figure 82)
based on the following reasons:

e The prominent inclination of the plume towards aluminum was attributed to the
preferential evaporation from the titanium surface, which must be more than the
evaporation from the more reflective and conductive aluminum side of the joint.

e Inaddition, the formation of the keyhole must have been initiated on the titanium side,
and the emerging curvature of the free surface must have allowed the Ti-rich jet to
escape freely (perpendicular to the keyhole wall) to appear inclined towards the
opposite aluminum side (Figure 82.a).

e Simultaneously, the impact of this energetic and high-velocity titanium jet impinges on
the aluminum surface at the joint line, leading to its liquification and causing the
expulsion of a mixed melted spatter onto the surface of the aluminum plate. These
events mark the stages of plume initiation and the subsequent stagnation.

e As the molten material continues to receive an amplified amount of laser energy, the
keyhole propagates in depth (Figure 82.b). The previously escaping Ti-rich jet that
remained unaffected in its original direction during the previous stages cannot escape a
deeper keyhole directly from the keyhole wall. So, the vapor plume that escapes the
keyhole becomes a mix of the aluminum and titanium vapors which leaves in a vertical
manner. This phenomenon is able to explain the third stage of plume
evolution : recompensing (p.108).
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Figure 82. A sketch of plume inclination related to the evolution of the keyhole shape for centered beam
position (direction of titanium vapor jets shown with red arrows).

4.2.3.2. Perspectives and key questions

The variability in the shape, size, and orientation of the vapor plume during welding causes
challenges in ensuring repeatability and comparability of experimental results. While
averaging the observations from several videos with the same welding and acquisition
parameters provided some insights, increasing the sample size would enhance the accuracy of
vapor plume behavior studies.

To investigate the welding processes on a smaller time scale, the experimentation shifted from
continuous welding to pulsed welding. However, even within a pulse duration as short as 2 ms,
the vapor plume was observed to undergo three distinct stages. Based on this observation, it
was hypothesized that the three stages of plume behavior correspond to different degrees of
keyhole development: During the initiation stage (with the maximum inclination), the Ti side
of the relatively flat surface emits a strong vapor jet. During the stagnation stage, the curvature
of the free surface appears, leading to no changes in the plume inclination due to lack of keyhole
depth. With a deeper keyhole, the plume returns back to the vertical in the recompensing stage.
To further verify this hypothesis, it is necessary to conduct studies using longer pulse durations
to see if the plume exhibits the same behavior beyond 2 ms or not, and to observe the keyhole
in situ.

The wavelength regime of the 810 nm IR bandpass filter used for the vapor plume acquisitions
is based on the continuous thermal emissions by the vapors. Therefore, in the numerical models
of the vapor plume, the thermal fields should correspond to the plume observed with 810 nm
filter (refer annex, p. 238). However, it is unclear whether this wavelength regime fully
represents the metallic vapor plume or if additional heat transfer phenomena modify the
observations made. Therefore, further investigation by HSI of the vapor plume in other
wavelength regimes is needed to verify the accuracy of using the 810 nm filter for vapor plume
observations.
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4.3. A Comprehensive Study of Vapor Plume Dynamics and Melted Zone
Behavior

In the preliminary investigations, the plume behavior and impact zones resulting from the
interaction of the 2 ms pulse were thoroughly examined. A single optical filter at 810 nm was
utilized to obtain the thermal image of the plume. Specifically, the study elucidated the
inclination of different dissimilar plumes concerning corresponding laser spot offsets from the
joint line. However, it was necessary to explore the dynamics of the plume beyond the 2 ms
mark by extending the pulse duration. Additionally, the implications of employing a different
filter to capture atomic emissions, diverging from the conventional focus on thermal emissions,
also remained unknown.

This study delves into the phenomenon of plume behavior during Yb:YAG laser pulses on
dissimilar titanium/aluminum alloy interfaces in butt configuration, employing a range of
methodologies, including HSI, emission spectroscopy, and post-mortem analysis. Two
different optical filters were used for HSI. The rationale for using the 810 nm and 394 nm
bandpass optical filters was discussed in detail in section 2.3.2.2 (p.70). In addition to the vapor
plume observations, post-mortem analysis of the melted zone was conducted. To expand the
scope of the study, the pulse time was increased to 6 ms while keeping the laser spot diameter
(600 pm), laser power (2 kW), and experimental setup consistent. The impacts were made with
5 different laser spot positions (2 = -0.2 mm, -0.1mm , 0 mm, +0.1 mm, +0.2 mm) relative to
the joint line, as shown in Figure 30 (p.59).

4.3.1. Post-mortem analysis of the dissimilar melted zones from 6 ms pulses

The melted zones were characterized by examining 25 impact zones (5 impacts per laser spot
position x 5 laser spot positions) using Jeol JSM-6610 scanning electron microscope (Figure
83). Energy-dispersive X-ray spectroscopy (EDS) to analyze the Al (in red), Mg (in green) and
Ti (in blue) distribution. The top view of the melted zones revealed a notable preference for
matter ejection from the melted zone on the aluminum side, with depressions left behind
primarily on the titanium side after the keyhole closing. With laser spot displacement from
titanium towards aluminum, the ejections from the melted zone on the aluminum side became
more prominent, which was concurrent with the previously observed evolution of the plume
(section 4.2.1.4, p.107). The variations in the melted zones from different impact for the same
the laser spot position represented the instabilities in the keyhole and the vapor plume. In all
the cases, the melted zone was surrounded by a ring of oxidized magnesium (also seen in
section 4.4.4, p.152, discussed in 211).
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1 mm
Figure 83. Elemental mapping from EDS analysis of the top view of 25 melted zones.

A small rectangular area (Figure 84. A) measuring approximately 0.3 mm by 0.4 mm was
chosen within the melted zone on the aluminum side in the EDS images. This specific region
was selected due to the predominant inclination of the vapor towards the aluminum side.
Atomic concentrations of the elements within this rectangular selection were determined for
all the melted zones. The averages of the atomic concentrations (Figure 84. B) were calculated
with confidence intervals from Student’s t-Distribution with a standard confidence level of
0.95. While the Al and Ti at.% directly correlating with the laser spot position, it was also noted
that due to the lower melting temperature of Al, it remained the predominant element in the
melted zone (except for Q-+0.2 where Al and Ti contents in the melted zone are equal).

at. %

-0.2 -0.1 0 0.1 0.2
Q (mm)

1.0 mm

% at Al average 1 % at Ti average
Figure 84. A) Selected rectangular zone for atomic concentration measurements in EDS elemental map
of the melted zone and B) Average atomic concentrations of the 25 melted zones.
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4.3.2. Vapor plume studies by HSI at 810 nm and 394 nm: The Conception
4.3.2.1. Image Acquisition

The focus of the study was shifted to be on the dissimilar plume captures and the standalone
plume studies were not considered. The Phantom v9.1 camera was used in this study. A total
of 71 dissimilar welding vapor plume videos were captured, with 31 videos using the 394 nm
filter and the remainder using the 810 nm filter. Multiple videos were recorded with the same
welding parameters to ensure the accuracy and reliability of the plume behavior data. This was
done by repeating the plume captures 5 or 6 times for every changing parameter such as the
laser spot position and the wavelength of observation. The number of videos included in this
study can be explained as follows: 71 videos were included in this study because there are five
laser spot positions, two acquisition wavelengths and six repetitions per video would make 60
videos. However, for confirmation, some of the experiments were repeated a few times more
to verify if the observations were the same, leading to the number 71.

The captures for all the welding plume videos were made with a frame rate of 6400 fps, a
resolution of 480 x 480 pixels, and an exposure time of 120 us. The field of view was
15 mm x 15 mm, and the aperture index of the telescopic lens system was set to 11 for all
experiments. The lens system had a picture angle of 12.20°, a depth of field of 3 mm, and a
reproduction ratio of 1/1.7. To reduce perspective distortions, the inclination of the HSI camera
was reduced an angle < 5° with respect to the horizontal plane (previously 13° in section 4.2,
p.100).

Despite the various experimental conditions such as laser spot position and optical filters,
constant camera parameters were used to ensure data consistency during image processing and
statistical analysis. It is essential to consider the potential limitations of this approach as it can
lead to losing important information in the images. For instance, if the image suffers from under
or overexposure due to a constant exposure time setting without adapting to the brightness of
the plume, it can lead to undesirable consequences like a murky or whited-out appearance,
making it challenging to discern well-defined edges of the plume. Consequently, relying
heavily on thresholding methods to assess plume dimension values may result in inconsistent
outcomes. Additionally, various artifacts such as increased noise, loss of shadow and highlight
detail, clipping, blooming, and reduced dynamic range can further impact the accuracy and
clarity of the image analysis process. While some of these issues can be partially compensated
through image processing, the thesis does not specifically address the influence of camera
objective and filter's absorption values or the spectral response of the camera's sensor during
this process. It is important to acknowledge these potential challenges before further research
using HSI in dissimilar welding. By addressing these limitations, the reliability and precision
of plume dimensions and other assessments can be augmented and understood better.

4.3.2.2. Image Processing

At the image processing stage, while the reasoning and most of the steps are similar to what
had been done previously for the 2 ms pulses (section 4.2.1.1 p.100), it is prudent to note that
the sheer quantity of the number of images that were to be treated have increased by several
folds. For a 6 ms pulse recorded 71 times with a frame rate of 6400 fps would yield 17040
(~ 40 x 71 x 6) images.
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As the thesis progressed, the image processing methodology had to be updated while
maintaining the same format. While writing some algorithms for ImageJ's automation in
processing thousands of images saved considerable time, certain portions still had to be handled
manually, such as cropping the images. This was because, any time the camera was touched or
moved during calibration, it caused a shift in the position of the laser spot in the images by tens
of pixels.

ERE

2. Normalization
and
Segmentation

3.Cropping
reflected parts

interpretation

The file conversions
from .cine to .tif were
done by batch directly

on PCC software. A
Macro was written to

The Otsu thresholding
method was applied
on 2 levels.

Global
thresholding
(Using stack
histogram)

Local thresholding
(Using Image
histogram)

No progress in this part
and everything had to
be done manually
since the Phantom
V9.1 does not support

In addition to Fit-
Ellipse, Feret
Diameters, Area,
Center of Mass,
Centroid and Skewness
of the images were
acquired and charted.

automatically detect
the first presence of
the laser illumination
and the next 43 images
were selected for
further processing

auto-CSR.
(Current Session
Reference or
Automatic Black
Reference)

Figure 85. Flowchart of the image processing methodology presented in the order of execution.

Although no updates were required for batch converting the videos, an automatic frame
selection method was necessary to facilitate the image processing. Automatically selecting
frames containing the vapor plume was made easier with the use of an ImageJ Macro Language
detection algorithm, which was written using conditional loops. The algorithm was useful in
selecting frames at the beginning and end of the laser pulse. A small rectangular area was
selected, and a measurement for either standard deviation or mean was taken. The process
would then be repeated on the next image in the stack until the value of the measurement
exceeded a particular threshold. Once the program detected a change in the measured variable
to satisfy the condition, only the images: the one where the detection was made, and the
consecutive 43 images would be conserved (because 6 ms at 6400 fps would need 39 images
+ 2 images to avoid any uncertainty). The automatic selection method offered an additional
benefit of detecting even the slightest variations in the image properties within the selected
area, even if the impact of the laser on the material was not visually discernible.

The stack (corresponding to the duration of the pulse) selection process has been illustrated
(Figure 86) for one of the A5754/T40 dissimilar welding plumes acquired with the 810 nm
filter. The reduction of the number of images in the stack is noticeable, as it went from 331 to
44 (Figure 86 A, B). Upon examination (with Figure 86 C, D and E corresponding to the 1%,
2" and 3" frames), it became apparent that the first appearance of the visually discernible
plume in the stack did not correspond to the actual beginning of the laser pulse. Instead, this
plume image appears in the third frame after the stack selection process pulse (Figure 86 E). In
the Figure 86.C the rectangular area where image measurements were done to detect the
beginning of the pulse can be seen. Even though this rectangular region remains empty, using
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ImagelJ, any minute changes (even though visually indetectable without contrast adjustments)
was noted using the previous mentioned algorithm to identify the beginning of the pulse. The
first appearance visually distinguishable changes in gray values can only be seen in Figure
86. D. It should be noted that the while no discernable areas of illumination are present, using
an algorithm to detect the presence of the variations in the image allows to mark the beginning
of the laser pulse (Figure 86.C) while avoiding human error while doing visual analysis.
Because the brightness settings of the display, working environment, brightness and contrast
settings in the image viewing software can affect appearance of the images.

B/43Kslice:12); 480x480 pixels; 8-bit; 9.7MB

Total number of images

Position of the image

A) Original stack B) Kept stack

Rectangular areaC) D)

searched for First occurrence
variations visible to naked eye

Figure 86. Extraction of images corresponding to the pulse: A, B) Stack editing part in step 1 of image‘
processing, C, D, E) Montage of the first three images in the kept stack.

Due to reasons mentioned previously (section 4.2.1.1, p.100-105), the images had to be
normalized before data extraction since the changing welding parameters and wavelength of
acquisition (optical filter) can considerably change the image properties. In section 4.2.1.1, the
normalization and the subsequent image segmentation was done at a single level (thresholding
the image once using any of the methods described in 1.3.2.2, p.38). But due to the widely
changing average brightness level of the images with the changing wavelength of capture
(section 2.3.2.2, p.70-76), the normalization process which equalized the brightness and
contrast was found to be more severe.

This step in image processing is necessary to address the issue of varying brightness levels
(results in incorrect measurements during data acquisition) in the untreated images, which is
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best illustrated through a colorized image. By applying color to a grayscale image (Figure 87)
where the distribution of color is based on the gray level of each pixel (black for lowest, red or
yellow with multiple shades of orange for the intermediate values, and white for the highest),
the differences can be easily visualized (Menu commands: Image — Look-Up Table — Fire).

The untreated images show a marked difference in color between the 810 nm and 394 nm
plumes. While the 810 nm plume (Figure 87.A) appears yellowish-red, the plume observed at
394 nm (Figure 87.C) appears dark red, even though the welding parameters were identical.
However, after normalization and equalization, the plumes from 810 nm and 394 nm (Figure
87 B, D) have a similar tone, which eliminates the brightness level distortion issue.

3/44 (slice:12), 480x480 pixels; 8-bit, 9.7MB 3/44 (slice:12); 480x480 pixels; 8-bit, 9.7MB

A) 810 nm - Original
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2/44 (slice:13); 480x480 pixels; 8-bit; 9.7MB

C) 394 nm - Original

D) 394 nm - Normalized

>l o [ o[ >
Figure 87. The colorized version of untreated and normalized vapor plumes acquired at 810 nm and
394 nm. (A5754/T40, 2 kW, Q = 0 mm, time from start of the pulse = 312.5 ps)

This augmented the noise level, spatter regions and other undesirable image artifacts (blooming
and bleeding effects) over several folds depending on the brightness of each video (Figure 88).
For example, when comparing the amount of background noise that significantly gets
augmented to match the selection threshold between the 810 nm and 394 nm plumes of the
dissimilar welding (Q = 0 mm), by examining the number of yellow dots, it is evident that the
background noise had substantially increased. These regions of brightness can lead to problems
in data acquisitions. A similar effect is also noticeable for the other undesired image artifacts
as well.
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Figure 88. Normalized and equalized plume images before and after processing at A,B) 810 nm and
C,D) 394 nm wavelengths.

As the noise and other undesirable image artifacts had increased, a more rigorous method for
removing the noise became necessary. However, since the data acquisition in step 4 relied on
a threshold value for selection, noise removal was done concurrently to avoid affecting the
collected data. However, to better understand the 2-level thresholding method used to remove
noise and isolate the plume, illustrations are provided. The cropping of the reflected portions
of the plume on the metal surface and limiting the extent of the plume in the images was
performed manually, as described in the previous studies (section 4.2.1.1, p.100).

4.3.1.2.1. The 2-level thresholding method

To eliminate noise and isolate the plume, we applied the Otsu threshold twice. The calculation
of the Otsu threshold which uses various statistical tools has already been discussed in detail
(section 1.3.2.2 p.38-41). Itis important to note that in order to determine the optimal threshold
value (maximizing variances between two-classes), the algorithm must iterate through a range
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of potential threshold values. If the "Stack histogram” option (Figure 89) is selected, the range
of potential values is based on the histogram of the entire stack. If this option is not selected,
the range is based on the histogram of the current image.

i Threshold X
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v Dontresetrange [V Rawvalues

Autol Apply| Resetl Setl

Figure 89. Stack histogram thresholding option to create global and local thresholds.

The consideration of the entire stack’s histogram i.e., the histograms of all the images in a video
can lead to wider range for the thresholding interval because the brightness level of the plume
can vary from one image to another in the stack. This type of thresholding using the stack
histogram is referred to as “Global thresholding” in this thesis. However, this was done to
remove the outliers caused from the background noise, bleeding effects, blooming effects and
the spatter remnants. In addition, this could help in reducing the risk of under-segmenting or
over-segmenting the vapor plume. This was the 1 level of thresholding. The second time the
thresholding was done, it was done without the “Stack histogram” option which is called “Local
thresholding because only the histogram of the image is considered in the search for the optimal
threshold value. This was done because the object of interest, the vapor plume was a very bright
object moving very rapidly in a dark background. Local thresholding was the better-suited
method to isolate the vapor plume because it could help isolate the core the vapor plume from
the outer diffuse parts of the plume and regions of brightness produced by motion blur. The
flow-chart of the double thresholding in image processing (Figure 90) for ease of understanding
and an example of changes produced in the image is provided (Figure 91).
]

1. Normalization 2. Global
and equalization thresholding
Image — Adjust
. — Threshold —
Cropping Otsu + Stack

4. Local
thresholding
Image — Adjust

6. Data —Threshold
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Figure 90. Flowchart guide comprising steps 2 and 3 in vapor plume image processing in ImageJ.
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Figure 91. A, B) Normalized image — Cropped normalized image; C, D, E, F) lllustrations on the
vapor plume to identify the different stages in the 2-level thresholding method; G) A comprehensive
representation of the 2 threshold selections together; H) Application of the fitting ellipse on the ROI.
(Initiation stage of the vapor plume of A5754/T40 welding 2 kW, © = 0 mm)
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4.3.1.2.2. Plume Characterization and Data Acquisition Techniques

The data acquisition process is closely related to the image processing work described earlier.
Unlike binarization, the non-destructive treatment of the images allowed for the preservation
of distribution of intensities within the ROI. While measuring various variables related to the
vapor plume are discussed in detail along with the results in (section 4.3.3, p.125), they are
briefly introduced here. 3 approaches were taken in the plume characterization. In the first two
approaches, distribution of intensity within the plume was not considered.

Approach 1: Considering the plume to be an irregular shape (Area, height, width).

There are several methods which can be used to analyze an image of an object with an irregular
shape. In this work, after using the double-thresholding method to find the ROI, calculation of
the area of the plume was done from the number of pixels within the ROI.

The “Feret’s diameter” (Figure 92), also known as the caliper diameter, is used to ascertain the
size and elongation of irregularly shaped or complex objects within an image. There are two
different Feret’s diameters (to estimate plume height and width). Feret’s maximum diameter is
defined as the greatest distance between any two points along the object’s periphery. To
calculate the Feret’s maximum diameter, parallel lines are drawn in all directions to encompass
the region of interest, and the greatest possible distance between any two of these parallel lines
is determined. In contrast, the Feret’s minimum diameter is the shortest distance between any
two parallel lines (perpendicular to the Feret’s maximum diameter) drawn to encompass the
region of interest.

The "Bounding Rectangle" is used to calculate the coordinates of the smallest possible
rectangle that fully encloses the selected region of interest (Figure 92). The bounding rectangle
can serve as complementary information in verifying the plume dimensions. The results
produced are the coordinates for the top left corner of the rectangle, the width, and the height
of the rectangle. However, the bounding rectangle is always aligned with the horizontal and
vertical axes and does not rotate about an angle by default. Therefore, it was not considered for
the measurement of plume height and width.

6/44 (slice:15); 480x480 pixels; 8-bit; 9.7MB
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Figure 92. Feret's diameter and the Bounding rectangle for the same example as the previous figure.
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Approach 2: Considering the plume to have an approximately regular shape (height, width,
circularity).

The “Fit Ellipse” method already used in the preliminary studies (section 4.2.1.2, p.102) was
quite useful in obtaining the plume dimensions and orientation.

While the ellipse fitting method plume requires the assumption of the plume to be having an
approximately elliptical shape (even though it doesn’t at all times), there are other methods to
determine the dimensions and orientation of the vapor plume. Because the ‘fit ellipse’ method
is not always successful in finding the dimensions of the vapor plume (Figure 93).

The "Circularity” measure in Imagel is a way to measure how close the plume is to being
perfectly circular. It ranges from O (for elongated or irregular shapes) to 1 (for perfect circles).
The closer the circularity measure is to 1, the more circular the plume. This measurement in
ImageJ is calculated based on the object's perimeter and area. The circularity of the plume in
conjunction with the height and width measurements of the plume may indicate instabilities
and asymmetricity in the welding process, as it suggests the relative behavior of the height and
width of the plume.
41 X Area

176 Circularity = ——————— 60
[176] HEWATY = perimeter?
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Figure 93. An example where the *fit ellipse' method is ineffective. (uncropped image)

Approach 3: Considering the plume to be a diffuse cloud-like object.

Even when considering the plume to be cloud-like and without well-defined edges, to avoid
perturbation in the measurements, the previously selected ROI from double-thresholding was
used.

Another interesting characteristic of ‘Fit Ellipse” measurement method was the centroid. The
center of the fitting ellipse in ImageJ is the centroid of the image. While the mean represents
the overall average grey level in an image, the centroid of the image represents at which point
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in the x and y axis the non-zero grey valued pixels in the region of interest find equilibrium.
The centroid of a 2-D image is analogous to the center of mass of a 2-dimensional physical
object with uniform density. The centroid is absolutely a geometric property in image analysis.
Therefore, the measurement of the position of the centroid does not consider the intensity
distribution within the ROI.

On the other hand, the center of mass calculated from the average position of all the pixels in
the region of interest, weighted by their grey level values takes into account the intensity
distribution within the vapor plume. Here, it means that pixels with higher intensity values
contribute more to the calculation of the position of the center of mass.

While the centroid depends completely on the ROI, the center of mass takes into account the
distribution of pixel intensities within the ROI. This is represented in Figure 94.A and B, where
the Figure 94.A has a higher centroid (with the plume sketch showing uniform intensity)
compared to Figure 94.B having a relatively lower point for the center of mass because the
higher pixel intensities are near the keyhole.

Although normalization and equalization techniques allowed comparison of plumes of
different intensities after thresholding, their effects on the pixel intensity distribution could be
understood by the skewness of the histograms. As it could be seen from Figure 87 (p.118), the
normalized image of the AER is slightly brighter than the TER and certain parts of the AER
plume lacks detail compared to the TER. Averaged kurtosis and skewness values were
compared to examine variations in the histograms with respect to laser spot position and optical
filter. Kurtosis (peakedness of the histogram) indicates the presence or absence of pixel
intensities concentrated within a particular range, implying either uniform or non-uniform pixel
brightness distribution within the ROI. Skewness indicates the symmetry in the distribution of
pixel intensities within the histogram which would indicate the general tendency of the plume
ROI to be brighter or darker. Skewness was preferred to study the brightness of the plume
rather than the Mean because normalization changes the Mean values. In Figure 94.C and D,
the kurtosis value is higher in Figure 94.D because the number of bright pixels were increased.
In Figure 94.E and F, Figure 94.F has a higher skewness because the overall plume brightness
was increased by brightness/contrast adjustments.
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Figure 94. Sketch of centroid, center of mass, kurtosis, and skewness.

Among all the methods describing the plume geometry discussed so far, only the center of mass
takes into account the geometry in the distribution of the intensity values. So, in addition,
kurtosis and skewness were measured to understand the distribution of the pixel intensity
values. Kurtosis measured the “peakedness” or flatness of the histogram relative to normal
distribution. In other words, it indicated the presence of high contrast and low contrast zones
in the image with high and low values respectively. Skewness on the other hand measured the
asymmetry in the distribution in the histogram. A positive skewness value indicated that there
were greater number of pixels with lower intensity (relative to the mean) in the ROI and a
negative skewness indicated that there were greater number pixels with higher intensity
(relative to the mean) in the ROI.

4.3.3. Imaging data analysis, Results, and Consequences

Using the multiple measurement techniques mentioned in the section 4.3.1.2.2, several
characteristics of the vapor plume had been measured. These data were exported from ImageJ
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and processed in Microsoft Excel using scripts written in VBA (Visual Basic for Applications).
The automation of the data processing was necessary due to the sheer quantity of data to be
analyzed. Because manually processing 71 individual tables containing more than 17000 rows
of data in total could be a daunting task and could lead to misinformation from human errors.
And so, even the simple tasks like the conversions (number of pixels — millimeters),
rearrangements of the columns (slice number — time), identifying the plume dimensions with
respect to the angle (the major axis of the ellipse doesn’t correspond to the height of the plume
when the plume has a greater width than its height), data consolidation, etc. were done by batch
automation.

After all the image processing, it became necessary to develop a methodology to understand
the plume characteristics and their correlation with the experimental variables/parameters. This
was because the dataset contained over 17,000 records with 11 fields each, including time,
area, two Feret's diameters, two ellipse axes, center of mass, centroid, circularity, kurtosis, and
skewness. These records were categorized based on experiment variables such as welding
parameters, HSI acquisition parameters, physical properties of the materials, spectral properties
of the elements in the vapor, etc. Without a proper methodology, understanding this vast dataset
would be extremely difficult. It was apparent that analyzing the global spatial behavior of the
vapor plume required comparing each individual measured variable separately in relation to
the laser spot position and the wavelength of HSI acquisition. This was done by averaging the
values of a particular variable among the 5 or 6 videos captured for a laser spot position at a
particular wavelength (Figure 95).
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Figure 95. Flowchart representing the averaging of data points for analysis.

4.3.3.1. Temporal analysis of results: plume morphology and orientation

To gain insight into the temporal behavior of the plume, the averages of various measured
variables, including area, height, width, and angle, were calculated. These averages were
derived from 5 to 6 videos, each corresponding to specific conditions of the optical filter and
laser spot position. The laser spot positions considered for the temporal analysis of the plume
are Q.2, Qo, Q+0.2. The time periods considered in this analysis are limited from 1.5625 ms to
5.78125 ms. In this section, the presentation of error bars in the charts has been omitted in the
interest of clarity and readability. The use of these averages can be justified by the rigorous
method used for determining the beginning of the pulse in the images. However, it should be
noted that, this introduced +78 ps uncertainty on the temporal scale (horizontal axis) as
mentioned earlier in the preliminary studies (p. 104) because the laser impact and the camera’s
first frame of capture were not synchronized.
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433.1.1. Plume ROI Area

From studying the average area of the ROI (Figure 96) for the laser spot position Q.o2, it is
observed that the area of the plume ROI observed at 810 nm (green) is greater than the area of
the plume ROI observed at 394 nm (purple). A similar observation can be made when
comparing the rest of the plumes observed for the laser spot positions Qo (yellow-810 nm, blue-
394 nm), Q.02 (red-810 nm, grey-394 nm). When area of the plume ROI observed at 810 nm
was compared between the laser spot positions, the plume for Q.02 (red) had a greater area
than Qo (yellow) and Q.2 (green) up to = 4ms, after which they had similar values. The
convergence of these areas by the descent of the area of the plume for Q.0 (red) and the ascent
of the areas of the plume for Qo (yellow) and Q-2 (green), start around 2.5 ms — 3 ms. However,
the magnitude of such a difference in the area of the plume observed at 394 nm initially for
Q-+0.2 (grey) compared to Qo (blue) and Q.02 (purple) is less. And it is the also noted that the
variability of the area of the plume observed at 394 nm within short intervals (< 1 ms) is much
higher for Qo (blue) and Q.o (purple) compared to Q.02 (grey) especially after 3 ms.
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Figure 96. Temporal evolution of the ROI area for the laser spot positions .02, Qo, and Quo.2.

4.3.3.1.2. Plume Dimensions

Although the plume height and width from the Feret diameters measurements produced similar
results, for the purpose of continuity with the preliminary studies, only the ellipse height and
width of the plume are discussed as a part of the temporal behavior studies.

When comparing the plumes for the different laser spot positions observed (Figure 97) with
the two optical filters, it is noted that the plumes observed with the 810 nm filter are taller than
the plumes observed with 394 nm filter irrespective of the laser spot position (Figure 97 red,
yellow, green > grey, blue, purple). Once again when comparing the plumes observed with the
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2 filters for respective laser spot positions, it appears that the plumes observed with the 810 nm
filter are taller than the plumes observed with the 394 nm filter for the corresponding the laser
spot positions (Q+o2 : red>grey, Qo : yellow>blue, Q.02 : green>purple ). The average plume
height during the 1.56 ms - 4 ms of the pulse duration is observed to be the highest for the
plume observed with the 810 nm filter with the maximum laser spot displacement on T40 (Q+0.2
- red).
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Figure 97. Temporal evolution of the plume height for the laser spot positions Q.02, Qo, and Q+o..

The observed width (Figure 98) also shows a similar tendency as the height when comparing
the observed plumes with the two filters (810 nm : red, yellow, green > 394 nm : grey, blue,
purple) for the corresponding laser spot positions. However, the relative variations (to the
average width during 1.56 ms - 3 ms) in the plume width when observed with both the filters
after =~ 3.4 ms is much greater than for all the laser spot positions compared to the plume height.
When comparing the plume widths (1.56 ms - 3 ms) for the same filters between different laser
spot positions, for Q.02 and Q.02 the difference is much higher (green >> purple, red >> grey)
compared to Qo (yellow > blue).
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Figure 98. Temporal evolution of the plume width for the laser spot positions Q.0.2, Qo, and Q-+o.2.

4.3.3.1.3. Plume orientation

The angle of the fitting ellipse was studied to understand the inclination of the dissimilar plume
temporally, as it can be observed that the plume does not have perfect symmetry around any
axis at all moments (Figure 99). It can be noted while the fitting ellipse doesn’t necessarily
match the plume ROI (instances where the plume changes angle (3.90 ms), multiple regions of
ROI (3.59 ms)), during most of the instances, the plume ROI’s angle can be measured by the

angle of the fitting ellipse.
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Figure 99. Montage of fitting ellipse on the plume (laser spot position: Qo, optical filter: 810 nm).

When comparatively analyzing the angles of inclination (Figure 100) between the plumes
observed with 394 nm and 810 nm filters, the plumes observed with the 394 nm filter (grey,
blue and purple) exhibit clustering of the angle values with moderate changes around the
vertical while the plumes observed with 810 nm (red, yellow and green) display pronounced
deviations, with very less frequent near-vertical returns.

When examining the plume inclinations between the 2 filters for the same laser spot position:
for Q.0.2, the plume observed with the 810 nm filter (green) generally had higher inclination
and a wider range of inclination than the plume observed with 394 nm filter (purple). While
the inclination of the plume observed with 394 nm filter (purple) fluctuated between positive
(inclination towards A5754) and negative values (inclination towards T40), the inclination of
the plume observed with 810 nm (green) remained predominantly towards A5754. On the
contrary, when comparing the inclinations of the plumes observed with the 2 filters for the laser
spot position Qo2, the plume observed with the 394 nm filter (blue) generally remained
positive with consistent deviation from the vertical, while the plume observed with 810 nm
filter (yellow) dynamically fluctuated between positive and negative values.

Similarly, the inclination plume observed with the 810 nm filter had a wider range compared
to 394 nm. When comparing the inclinations of the laser spot positions Q.02 (green, purple)
and Qo (blue, yellow) with Q.02 (red, grey), the laser spot position Q.o is almost always
vertical while the laser spot positions Q.02, Qo exhibit tendency to incline towards A5754.
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Figure 100. Temporal evolution of the plume inclination for the laser spot positions Q.02 Qo, and Q+o.2.

4.3.3.2. Spatial analysis of the vapor plume characteristics and physical interpretations

Analysis of the spatial characteristics of the plume is done by the calculation of the average
properties. It is explained as follows with an example (area of the vapor plume). The average
area was calculated for each welding and acquisition condition by averaging the area of the
plume calculated for each image over several videos. All the other measured variables
discussed in this section were treated in a similar way. This method was better than directly
producing an average or a standard deviation image and then applying a threshold as done in
Chapter 3 (section 3.1.1). Measuring the properties of the plume in each image separately and

then averaging them instead of using the average or standard deviation image directly can be
explained by the following reasons:

e The main concern which led to this methodology originated from the observation that
any slight movement of the camera relative to the laser spot position can cause an
imperfect superposition of the keyholes and the plume, leading to blurry average images
and erroneous results.

e When creating average images from 8-bit images, there is a risk of losing critical data
due to rounding of significant figures.

If the measurements were made in each image separately and analyzed, it would be

possible to identify temporal regions of high variance, which can then be ignored. This

approach allows for a more precise calculation of the plume characteristics and avoids
the loss of critical data that can occur when averaging images.

Due to the uncertainties in the start of the pulse and the erratic behavior of the plume,

measurements are only taken from a specific interval of time (0.78 ms — 5.47 ms) to ensure
accuracy.
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4.3.3.1.4. Area of the Plume ROI

The observation of the ROI area allowed for the characterization of the size of the plume
(Figure 101). During the analysis of the average area of the vapor plume, two imaginary
rectangles (Figure 101) were used to verify and compare the area of the plume. The comparison
of the averages of the measured ROI area with the area of the bounding rectangles calculated
from the average ellipse axes and average Feret’s diameters was done to oversee the behavior
and precision of the different measurement techniques employed. The calculated averages of
the Feret’s maximum diameter, the length of the major axis of the ellipse and the Feret’s
minimum diameter, the length of the minor axis of the ellipse are discussed in detail in
section 4.3.3.1.5 (p.135).

The first rectangle was from the Feret's diameters. The maximum and minimum Feret's
diameters were measured and used as the length and width of the rectangle, respectively. The
area of this rectangle was calculated by multiplying the length and width values. The second
rectangle was constructed from the lengths of the fitting ellipses' axes. The major and minor
axis lengths were measured and used as the length and width of the rectangle, respectively. The
area of this rectangle was calculated in the same way as the first rectangle.

A5754

He He

Figure 101. Sketch of the comparison of the plume area to the area of the calculated rectangles from
Feret's diameters and Ellipse axes.

m

The differences in the behavior of the average area between the optical filters for the laser spot
position Q=-0.2mm, -0.1 mm, 0 mm when analyzed alongside calculated area of the rectangle
from the height and width of the plume are presented in the Table 12 (134). The following
observations were made from this comparative analysis:

¢ It has been determined that the area of the rectangle is much larger than that of the
region of interest (ROI) primarily due to the irregular shape of the ROI. This highlighted
the necessity to find better techniques for characterizing the irregular plume shape
rather than relying solely on height and width measurements. Therefore, it was
understood that alternative techniques must be explored to obtain a more accurate
representation of the area of the ROI (especially when dealing with thresholding
techniques).

¢ The overestimation in the calculated area of the Feret rectangle is attributed to the
significant positive error in Feret's Diameters. When studying elongated particles, a
positive error was found to be a common feature of Feret's diameter [291]. As the plume
tapers near the keyhole and widens with height, coupled with the varying circularity
when the laser spot position is moved towards aluminum, such an error becomes
inevitable.
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¢ Despite the overestimation, it is noteworthy that observed tendencies of the area
calculated from the Feret’s diameters matches the actual ROI for the optical filter
810 nm with respect to the laser spot position. This observation confirms that Feret's
diameter can serve as a complementary measure to Fit Ellipse for the purpose of
verification and confirmation.

¢ The over-estimation of the calculated area is influenced by both the optical filter and
the size of the selection area, whereas the conformity of the ROI to the shape profile is
affected only by the optical filter. If the height, width, or area of the plume were to be
used for estimating the volume or other properties, such as the plasma, particle
distribution, etc., at 810 nm, 394 nm, or any other wavelength regime, it is essential to
note that the uncertainties depend on the observation wavelength. Moreover, the error
in size and position of the plume should be taken into account for adjusting the
uncertainties accordingly.

Table 12. Comparison of the average areas of the ROl and the calculated rectangles.

Optical Filter 394 nm 810 nm
Laser Spot Position Q,, Q,, Q, Q) Q,, Q,
Areag, (mm’) 229N 207N 204 3462 3682 372

Area of Rectangle . iaea (mm’)

HEIGHT; * WIDTH 381N 315N 312 59.64 62524 629
HEIGHT} * WIDTH, 277N 252N 249 4342 463N 462
HEIGHT * WIDTH 30.8N 270N 269  49.041 516N 513
HEIGHT * WIDTH 304N 271N 269 528N 516N 512

The evolution of the average ROI area of the plume relative to the laser spot displacement for
each filter are presented in Figure 102 (with +/- error bar = one standard deviation). The 810 nm
filter shows a larger plume surface area compared to the 394 nm filter, likely due to the more
intense thermal emission at 810 nm, in addition to the higher sensitivity of the camera sensor
leading to an overall increase in registered pixel intensity values.

The observable bright image for a specific spectral region is formed by the superposition of
thermal emissivity of the plume's dense core (considered a black body) and atomic and
molecular emissions from the less dense outer layers of the plume, according to Planck's law
(section 1.4.3.2 p.48, section 2.3.2.2 p.70). The emissivity at 810 nm is much higher than that
at 394 nm, particularly at the vaporization temperature of Al. In fact, at the vaporization
temperature of Al, the ratio between the emissivity at these two wavelengths is approximately
20 (see Figure 47, p.76).

The lack of atomic or molecular emissions in the 810 nm range means that the observation of
the plume at this wavelength can specifically indicate the location of Thermally Excited
Regions (TER). The spectral region at 394 nm contains numerous emission lines of both Al |
and Ti I, resulting in a strong atomic emission. The image of the plume observed at 394 nm
primarily consists of the superposition of atomic emissions, which indicates the location of
Atomically Excited Regions (AER). This atomic emission is so intense that it dominates over

' HEIGHT _and WIDTH_are the height and width of the rectangle obtained from the Feret’s maximum and
minimum diameters, HEIGHT _ and WIDTH_ are the height and width of the rectangle obtained from the
Ellipse’s major and minor axes.
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the thermal emission in this region. This is one reason why the plume area appears smaller in
images obtained with the 394 nm filter.

The second reason for the greater 810 nm plume ROI areas compared to the 394 nm, would be
the sensitivity of the high speed camera: according to Ametek© (Figure 38 p.68), it is three
times higher at 810 nm compared to 394 nm.

While using both the filters, a slight increase in the average plume area was observed while
shifting the laser spot on T40. The error bars for the 394 nm filter (i.e., the standard deviations
when calculating the average), reduce in size from Q.2 to Q+02 indicating a more regular
plume profile with less oscillations when the keyhole lies mainly in T40.
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Figure 102. Average area of the plume ROI (error bars = standard deviation).
4.3.3.1.5. Shape of the Plume

Two methods, the “Feret’s diameters” and the “Fit Ellipse” methods were used in this work to
measure the height and the width of the vapor plume compared to only the “Fit Ellipse” in the
last experimental work (section 4.2 p.100) because it was necessary to validate the plume
behavior observed via these methods.

The general behavior of the plume height and width when measured with these methods
resemble each other . However, there is about a 10% difference in values measured between
the Feret’s diameters and the lengths of the ellipse axes. This indicates that the height and the
width of the plume measured by these methods can never be exact since the plume has a highly
irregular profile. The reasoning why the Feret’s diameters are greater than the ellipses’ axes
can be explained as follows, while the ellipses don’t fully encompass the plume profile, the
Feret’s diameters measure the maximum distances between parallel lines encompassing the
plume profile. Nevertheless, even though they differ by a small percentage in their values, the
observed tendencies of the average heights and widths of the plumes with laser spot position
and optical filter remain the same between both these measurement methods. Also, it has
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already been mentioned (section 4.3.2.1.1 p.133) that there is a tendency for the Feret’s
diameters to overestimate the dimensions of the elongated objects [291].

When the laser spot was moved from the joint line onto T40 (Q0 — Q+0.2), an increase in the
height and width vapor plume was observed with the 810 nm filter and 394 nm filters similar
to the ROI area. Once again, the height and width of the AER was less than the corresponding
height and width of the TER from both the measurement methods due to the reasons mentioned
earlier (p.134). The error bars from the standard deviations did not show any significant
behavior. However, it can be understood that when the laser spot is offset on T40, higher
temperature and more excited atoms in the plume would be present due to greater involvement
of Ti in the plume from the increase in laser radiation incident on T40. This leads to the greater
height and width for offsets on T40. For the same reasons (decreasing quantity of Ti), the spot
offsets on A5754 leads to a small plume in terms of height. However, instabilities generated
from increase in Al involvement in the plume leads to a slight increase in width.
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Figure 103. The height and width of the vapor plume measured with fit ellipse and Feret's diameters.

Circularity was considered to be an additional measure in the study of the vapor plume
shape (Figure 104). As the circularity value converges towards 1, the object's shape
increasingly resembles that of a perfect circle, while lower values signify heightened elongation
in the plume shape. Both the AER and TER have a maximum average circularity of Q.o2.
However, as the laser is displaced from Q.02 to Q+02, the circularity value diminishes
indicating that the plume is more elongated which coincides with the higher values of plume
height. However, with the measurement of circularity, it can be seen that even though the plume
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width values increase as the laser is displaced from Qg2 to Q+0.2, the plume is more elongated
i.e., the ratio of increase in height to width is not the same. This elongation is a direct
consequence of the increasing strong Ti jets influencing the shape of the plume.
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Figure 104. Average circularity of the vapor plume ROL.
4.3.3.1.6. Plume Inclination

Previous experiments have already discussed the behavior of the plume depending on the angle
of inclination (Chapter 3, Section 3.1.3, Chapter 4, Section 4.2.1.4). In order to further
understand this behavior, the inclination of the plume was measured again in this experiment.
This was done using the angle of the ellipse major axis and Feret's diameter. The Feret’s angle
and ellipse angle measurements showed similar results (even though their values vary slightly),
indicating that the plume orientation behavior remained consistent regardless of the
measurement method used. Figure 105 shows a comparison of the average Feret and ellipse
angles between the 810 nm and 394 nm filters, where an angle greater than 0° indicates an
inclination towards the A5754 side.

While observing the inclination of the TER, when the laser spot is moved from Q.2 to Q+o2,
the inclination progressively diminishes. However, when observing the AER, the inclination
was found not to be dependent on the laser spot position. The differences between the AER
and the TER leading to this phenomenon are explained in detail in section 4.3.4 (p.139). It was
also noted that the standard deviation (error bars) which could indicate the plume oscillatory
behavior progressively reduces when observing the AER while moving the laser from Q.2 to
Q.+02. It is clear that both the TER and AER are almost completely vertical as the plume is
mainly composed of a vertical jet as the laser spot was moved on T40 Q+o.1, Q+0.2.
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Figure 105. Average angle of the vapor plume from the ellipse and Feret's diameter.

137



4.3.3.1.7. Distribution of Plume Intensity within the ROI

Image moments like centroid and center of mass of the plume were studied to understand the
distribution of pixel intensities within the selection ROI. Differences in centroid and center of
mass positions are related to brightness distribution in the vapor plume. Y-axis values of these
measurements were analyzed to identify the height with the highest vapor plume concentration
to aid in identifying the optimum height for spectroscopic acquisitions. The X-axis values were
ignored to reduce error caused by camera movements.

The quantification of pixel intensity distribution in laser spot positions on different materials
was achieved through image moments such as centroid and center of mass (Figure 106) and
these values were termed "Probability Zones" as they represented the most probable locations
with maximum intensity for the presence of the plume. Comparing these zones allowed the
assessment of TER and AER behavior. Laser spot positions on titanium showed higher
probability zones, indicating taller and brighter plumes, with TER exhibiting higher values than
AER in certain cases.

The nomenclature "Probability Zones" is attributed to the rationale behind the naming
convention explained as follows: Based on common sense and numerical modeling, it is
expected that the highest temperature and density within the vapor plume would be situated
near the keyhole opening due to the focused laser beam. To study spectroscopy of the plume
behavior, it is imperative that the unnecessary signals from the deforming melted surface must
be avoided. Moreover, due to the plume's highly oscillatory behavior and irregular shape,
precisely localizing the vapor plume to a specific region or volume in space presents
challenges. Furthermore, determining temperature or plume composition within this
unlocalized space is not ideal. To address this issue, the average of the centroid or center of
mass, calculated from multiple selections, proves to be a valuable solution. Despite the plume's
non-rigid nature, for a single image (ideally captured with an exposure time less than half the
plume's characteristic time period), the centroid or center of mass represents the weighted
average position of its constituent parts. Hence, these points aid in localizing the ROl to a much
smaller space. Considering the fluctuating orientation and size of the plume, averaging these
points enables the determination of the most probable location with maximum intensity for the
presence of the plume, thus justifying the term "Probability Zones."

Due to its shape dependency, the centroid tends to have slightly higher Y values compared to
the center of mass. This happens because the plume is narrower near the keyhole and becomes
slightly wider towards the top while the center of mass is more dependent on the intensity
distribution. Additionally, when examining the average images of the plume, it becomes
evident that the illuminated regions are primarily located between the probability zone and the
opening of the keyhole.

Both the TER and AER of the plume exhibit the tendency to have higher probability zones for
laser spot offsets on titanium due to taller and elongated plumes. Similarly, the lower
probability zones for the AER are because the atoms with sufficient energy for excited are
present at the lower parts of the plume and they lose their energy as they ascend higher.
Whereas the TER, which is basically a hot gas propagates much higher while producing
thermal emissions.
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Figure 106. Average Y values of A) Centroid and B) Centroid of the ROI.

The average kurtosis and skewness values of the histograms are presented in Figure 107. While
the average kurtosis values did not show any particular trend when comparing different laser
spot positions, the kurtosis values of the TER are greater than the AER in general. In other
words, the histograms are more peaked with bright pixels than the AER. The average skewness
values show a similar difference between the AER and the TER, where the images of the AER
have negatively skewed histograms. This is the effect of normalization, where the AER images
have been brightened and the TER images have been darkened. When observing the skewness
evolution, the maximum laser spot offset on A5754 (Q..2) in particular showed deviation
indicating a reduction in general brightness of the plume ROI.
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Figure 107. Average values of kurtosis and skewness in the histograms of the ROI.
4.3.4. Unveiling the enigma of the vapor plume: conclusions and implications

During the experiments involving continuous welding and the preliminary investigations with
pulsed welding (2 ms), the observations made at 810 nm were predominantly attributed to be
the vapor plume. This interpretation was valid if we focused solely on the extremely hot region
in a gaseous state above the keyhole. However, it is important to note that this viewpoint
neglects the fact that the metallic vapor expelled from the keyhole undergoes interactions with
the surrounding air, giving rise to more intricate processes. By considering the interaction
between the metallic vapor and the surrounding air, we can better understand the complex
dynamics and phenomena occurring within the plume because it can significantly influence the
behavior, composition, and properties of the plume, leading to variations in its characteristics.

One of the most significant aspects of the interactions between the metallic vapor from the
keyhole and air, is from the vaporization of titanium. Because it was concluded from the
preliminary investigation in pulsed welding:
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“The prominent inclination of the plume towards aluminum was attributed to the preferential
evaporation from the titanium surface, which must be more than the evaporation from the more
reflective and conductive aluminum side of the joint.” (Section 4.2.3.1, p.111)

However, one must note that with the discrepancies in the measurements between the behavior
of the thermally excited regions and the atomically excited regions, additional insights about
the plume are necessary.

From Section 4.3.3 (p. 125 - 139), the several measurements led to the hypothesis that the
plume observed with the 810 nm filter i.e., the TER of the vapor plume, consists of more than
just the vaporized metallic material form the keyhole. Because, at the wavelength A = 810 nm,
any material with sufficient temperature can emit thermal radiation (Egn. 26, p.45). However,
from the visual analysis of the vapor plume videos at another wavelength (A =394 nm), it was
understood that the vapor plume behavior has not been the same. This TER region could be
influenced by titanium since the vaporization temperature of titanium was higher than that of
aluminum, the thermal emission of titanium would be higher than that of aluminum (augmented
multiple folds by the higher sensitivity of the camera at 810 nm).

From the spectrometric analysis, it was understood that the atomic emission lines of aluminum
and titanium were too close (section 2.3.2.2, p.70), and it was difficult to distinguish them
separately. Yet, it was understood that since titanium is more absorbent to the laser wavelength
(Table 2, p.57) and also it is easily excitable compared to aluminum (Titanium's first excited
energy level 6556 cm™, Aluminum's first excited level 25347 cmY), the titanium jets would be
brighter than that of the aluminum vapors. Therefore, it would be prudent to discuss the AER’s
behavior of the vapor plume before discussing the additional (metallic vapor «< air) interactions
of the TER.

4.3.4.1. A discussion on the AER (Atomically Excited Regions) of the vapor plume

Visual analysis of the original videos (before equalization and normalization) of the AER
(A =394 nm) for the laser spot position Q.02 show that while there is vaporization of both
A5754 and T40, the Ti-rich jets are not strong enough to produce an inclined phenomenon.
This weakness of the Ti-rich jets is due to the fact that, for this laser spot position only ~ 21%
of the total laser power is incident on T40 (Figure 108).

Q-O.Z QO

A5754
Figure 108. The percentage of area of the laser spot impact shared by A5754 and T40.

A5754

With the spectral data indicating that the atomic emissions of aluminum and titanium being
very close in the 394 nm wavelength range, this method of visually differentiating isn’t very
effective. Additionally, with turbulences arising from interactions between the hot metallic
vapor and the surrounding air, visual analysis could become more difficult.

However, the AER images for Q.2 are presented here for different instances to better
understand the different parts of the plume (Figure 109).
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Examination of Figure 109.A reveals that the inclination of the bright region corresponds to
the emission of a Ti vapor jet (red) from the keyhole wall. Additionally, a diffuse region of Al
atoms (yellow) is present, which may contain minor quantities of Ti.

This observation is corroborated by Figure 109.B, a consecutive image captured over an
exposure time of 120 us. The image demonstrates that the lighter Al atoms are readily
influenced by convective or turbulent forces, in contrast to the heavier Ti atoms, which do not
exhibit such behavior. It's important to note that other factors such as temperature, density, and
vapor pressure can also affect the behavior of the vapor jet and its interaction with convective
forces.

The analysis of Figure 109 (C, D, E, F) demonstrates a noteworthy discrepancy in the
vaporization rates between aluminum and titanium under examination. Despite the potential
for a higher concentration of Ti atoms in comparison to Al atoms, the vaporization rate of Al,
characterized by a diameter (of the yellow bounded region) of approximately 2 mm, surpasses
that of Ti with a diameter (of the red bounded region) of around 0.2 mm throughout the entire
duration of the pulse.

Moreover, convection phenomena are frequently observed, leading to the curvature of Ti jets
towards the joint line due to pressure fields at the center of the plume (Figure 109.D).
Nevertheless, it is worth noting that the Ti jet exhibits intermittent behavior, and its duration
diminishes over time. In contrast, the vaporization rate of Al remains consistently high and is
accompanied by significant keyhole instabilities, ultimately resulting in the extinction of both
the Ti jet and the vapor plume.

These findings highlight the pronounced differences in the vaporization dynamics of Al and
Ti, showcasing the enhanced vaporization of Al during dissimilar welding despite the
stronger/brighter jet of Ti.

Figure 109.E exhibits a closed keyhole, presenting a challenge in predicting element
concentrations within the cyan polygon solely based on HSI. The visualization indicates the
presence of remnants from previously emitted vapors positioned above the keyhole, with no
ongoing vapor expulsion. However, the ejection of the vapor plume recommences in Figure
109.F, accompanied by the appearance of a small, tilted Ti vapor jet resembling the initial
stages observed in Figure 109.A.When the remnants of the plume fail to remain undiffused
within the capture zone, the available illuminated pixels are inadequate for selection of an ROI.

Such an occurrence happened during an extinction event in one of the 394 nm videos in Q.o.1,
wherein the velocity fields in the capture zone facilitated rapid diffusion of the plume remnants.
Despite the relatively brief duration of the entire vapor plume's extinction phenomenon, the
vaporization of Al, coupled with the frequent extinction of Ti jets, leads to intricate interactions
between the plume and the surrounding air. Consequently, predicting the shape, size, and
orientation of the plume with 100 % accuracy becomes impossible. However, it becomes very
clear that the prominent vaporization of Al caused from the strong initial Ti jets, eventually
leads to cooling down, instabilities in the vaporization processes, turbulences in the higher
regions and finally the extinction of the vapor plume.
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Figure 109. Images of the AER for Q-0.2 taken at different moments. (Brightness:+40%, Contrast:-20%
for better printing)

The analysis of the AER reveals distinct characteristics between the Laser positions of Q.02
and Qo. Notably, the Ti jet within the Qo plume exhibits greater height and luminosity, reaching
approximately 3-4 times higher than the AER of Q.02 (Figure 110.C). A slight increase in width
is also observed, potentially attributed to diffusion under convective velocity fields.

Another significant difference lies in the stability duration of the Ti jet within the plume. The
Qo condition maintains a stable Ti jet for approximately 3 ms, while turbulence affects the Q..
AER at around 1.2 ~ 1.5 ms. This observation correlates with the previous hypothesis that the
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Al vaporization leads to the extinction of the plume since Q.92 has majority of the laser incident
on A5754, and consequently a higher proportion of Al would be entering into the mix.

The observed variability in strength and stability of the Ti jet among different laser spot
positions is of the utmost importance. In the case of Qo, the Ti jet possesses sufficient strength
and stability to exert influence on the AER’s direction. Conversely, the Ti jet in Q.02 iS too
weak and unstable to induce any discernible changes.

Consequently, the average angle between the TER and AER for Qo displays nearly identical
temporal behavior (blue and yellow curves in Figure 100, p.132) with a slight temporal shift.
Likewise, the average angles of the AER and TER remain closer for Qo (Figure 105, p.137). In
contrast, Q.02 (purple and green curves in Figure 100, p.132) and Q.1 (not presented in this
document for continuity) exhibit deviations due to the limited momentum of the Ti jets, which
fails to influence the velocity fields. Consequently, the AER inclination of Qo exceeds that of
Q. (Figure 105, p.137).

These observations (from combining visual analysis with data analysis) bring clarity on the
unique characteristics and dynamics of Ti jets in different laser spot positions, underscoring
the role of strength, stability, and momentum in shaping the AER behavior.

I
5 mm

Figure 110. Concentrated Ti jets at time ~625 us present within the AER for 4) Q-0.2, B) Q-0.1 and
C) Q0. (Brightness:+40%, Contrast:-20% for better printing)

4.3.4.2. A discussion on the TER (Thermally Excited Regions) of the vapor plume

Despite being relatively less concentrated and having minimal influence on the distribution of
Al vapors, the small Ti jets observed in laser spot position Q.02 exhibit thermal effects that
should not be overlooked. Figure 111, captured using the 810 nm filter, provides insight into
these thermal interactions. Figure 111.A presents the original untreated TER for Q.o.2, while
Figure 111.B, C display the normalized plumes with highlighted ROI in green, fitting ellipses
in red, and Feret's diameters in purple. This TER closely corresponds to the AER shown in
Figure 110Figure 111.A and was captured at approximately 0.935 ms. The small, concentrated
Ti jet from the AER is marked in red on Figure 111.A.

However, notable differences are observed in the region enclosed by the white curves, which
appear slightly brighter than the rest of the plume and extends from the Ti jet. Consequently,
the surrounding areas become brighter (due to the higher temperature of the Ti vapor), leading
to a change in the overall shape and size of the observed plume in the TER compared to the
corresponding AER (Figure 111.A). Although the Ti jet for Q2 did not possess sufficient
strength to directly influence the shape and size of the AER (Figure 110.A), its thermal
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interactions with the surrounding regions are significant. These thermal effects contribute to
higher inclination angle values observed in the TER of Q.o.2.

These findings emphasize the importance of considering the thermal influence of the weak Ti
jetin laser spot position Q.o2. Despite its limited impact on the shape and size of the AER, the
thermal interactions exert significant effects on the surrounding regions. Such thermal effects
should be taken into account when analyzing the dynamics of laser spot positions and their
interactions with the surrounding environment.

The properties of titanium such as its higher absorptivity, higher vaporization temperature, and
higher emissivity, contribute to the observed phenomenon. Additionally, an intriguing
observation is the disparity in the initiation of the laser pulse between A = 810 nm and A =
394 nm, can explain the temporal shift that arises as an artifact resulting from the discrepant
overall emissivity between the two wavelength regions, corresponding to thermal emissions
and atomic emissions from the vapor plume.

Figure 111. TER for Q-0.2 at ~0.935 ms A) Untreated image with Ti jet (Red) and high temperature
zones (white) B) Normalized with ROI, fitting ellipse, centroid, and center of mass C) Normalized with
ROI and Feret’s Diameters.(Brightness +20% for better printing)

4.3.4.3. An integrated summary of notable conclusions from HSI

To examine the disparity between the plume observed at 810 nm (TER) and 394 nm (AER), it
is essential to visualize the differences between the normalized images. Subtracting the
normalized AER (Figure 112.B) from the TER (Figure 112.A) would yield a distinct figure
representing the metallic vapor and the surrounding air that were thermally excited but lacked
sufficient energy to generate atomic emissions. This resulting (orange line bound bright areas
in Figure 112.C) identifies the thermal emissions in the region, which can significantly
influence the perception of the vapor plume and potentially introduce inaccuracies in the
measurement values. While the figure shown here corresponds to one instant, throughout the
duration of the pulse, multiple additional phenomena such as air-metal vapor interactions,
turbulences could occur causing more differences between the TER and AER.
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Figure 112. Image operation2 subtracting the difference between the TER and the AER.

To facilitate comprehension of the various analyses, results, and inferences presented in this
study, a concise tabulation comparing the relative observations for the two laser spot positions

Q.2 and Qo is compiled, accompanied by corresponding explanations.

Table 13. Significant observations and inferences

Property Q.02 Qo Evidenced by | Inference/Explanation
Atomic % of Ti in | T Spectroscopy | Less incident laser power
vapor (section 4.5) onTi
Area of TER ! 1 Depends on % Ti
HSI - Area Higher in Q. due to
Area of AER 0 ! turbulences from Al in
vapor
TER surrounds Ti jets
even for lesser
Angle of TER T ! concentrations and
momentum
HSI—Angle Ti jets cannot not
dominate the entire AER
Angle of AER l T when weak and unstable
in Q2.
Vertical position
I G 94 e Depends on the height of
for TER / High ! 1 i
the Ti jet.
Temperature HS| - .
Z0Nnes i
. — Centroid/Center
Vertical position of mass Discontinuous plume
of center of mass behavior, unlocalized
for AER / Max 0 ! detached remnants of
concentration plume cause higher PZ in
zones Qo2
HSI -
Skewness De i % i
' pends on Ti % in
Temperature ! 0 S vapor.
pectroscopy
(section 4.5)

In the case of laser spot position Qo, the vapor plume exhibits a relatively stable behavior,
influenced by the titanium (Ti) jet originating from the keyhole's wall, which impacts the

2 These images (A and B) were chosen manually by visual analysis to find the TER and AER which closely
resemble each other in terms of size, shape and time of occurrence. Imaging using two synchronized cameras
would be ideal to make these kinds of operations between the images from different optical filters.
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plume's size, shape, and orientation. However, this phenomenon is not observed to the same
extent in laser spot position Q.o.2. In laser spot position Q.o.2, the Ti jets primarily influence the
distribution of thermal energy within the vapor plume and its surrounding air. Spectroscopic
analysis reveals lower emission intensity for laser spot position Q.o 2, attributed to the presence
of smaller and less stable Ti jets.

The instabilities observed in laser spot position Q.o> are a consequence of the unstable
vaporization of aluminum (Al), characterized by non-directional and unstable behavior.
Consequently, both the Ti jets and the entire plume experience frequent extinction events,
occurring more frequently in laser spot position Q.02 and rarely in laser spot position Q.o ..
These repeated extinctions result in enhanced turbulent effects due to convection interactions
with the ambient air. As a result, the plume becomes less spatially localized, exhibiting a larger
probability zone and a broader ROI in the AER images, as well as increased width in both the
TER and AER.

Moreover, the findings indicate that the ellipse angle is more suitable for orientation
calculations compared to Feret's angle specifically within the context of laser spot position Qo.
Notably, both TER and AER have similar orientations in laser spot position Qo. The choice
between the centroid or center of mass does not yield a significant advantage in orientation
determination. Mean values are less useful when image normalization is required. While Feret's
diameters may exhibit slightly higher positive errors, they offer greater accuracy in predicting
relative variations in plume size compared to the ellipse axes.

These conclusions provide valuable insights into the distinct characteristics and behaviors of
vapor plumes for different laser spot positions and the several possibilities in image treatment
methodology, contributing to a deeper understanding of the intricate interactions of the laser
welding plumes, Ti jets, Al clouds, the surrounding air and most importantly, the differences
between a thermal image and an image of the atomic emissions.
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4.4. Examination of the keyhole dynamics in pulsed dissimilar welding

In the preceding sections (4.2, 4.3), an exhaustive analysis was performed on the characteristics
of the dissimilar vapor plume. This investigation was undertaken due to the intricate
relationship between the properties of the laser-induced plume and the behavior of the keyhole,
with particular emphasis on the plume’s inclination, a parameter intricately linked to the
geometry of the keyhole walls [156]. However, the keyhole dynamics were inferred primarily
from vapor plume characteristics and post-melt zone observations. Observing the molten
surface from the top-view provides an incomplete assessment of the keyhole's geometry. To
achieve a lateral view of the keyhole, a practical approach (section 1.2.4, p.32) involves using
a combination of a metal plate and optically transparent ceramics like Pyrex glass, which
evenly distributes the laser beam's radiation between the metal and glass components [133].

The experimental setup (Figure 113) employed for keyhole observation involved a vertical
junction between 3 mm thick plates composed of aluminum alloy A5754 and titanium T40.
These metallic plates were secured in place with a 3 mm thick fused quartz plate in front, which
extended approximately 2 mm above the metallic plates. To prevent the reflection of the laser
beam back into the optics, the laser beam axis was inclined at an angle of 3° from the vertical
metal/quartz plane.

*  Yb:YAG
— “~ laser beam

0.6/ ' mm

X-mapping of
plume deposit

melted - X-mapping of
zone | melted zone
keyholé-

Ti

High-speed
imaging of
the keyhole

Figure 113. Direct Observation of the Drilled hOle (DODO) experimental setup.

The experimental parameters were selected to align with previous experiments conducted in
the butt-configuration (Section 4.3, p.113). Standalone 6 ms laser pulses were made at a
consistent power output of 2 kW, with a laser beam diameter of 600 pum operating at a
wavelength of 1030 nm. The laser spot was precisely focused on the interface between two
metal plates and the quartz plate to evenly distribute half of the spot area on the quartz surface
and the other half on the metal side. Five different positions of the laser spot relative to the
joint line (Figure 114) were studied. No gas protection was employed.
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QUARTZ

Figure 114. Schematic for the 5 laser spot positions used in the Dodo experiments.
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High-speed imaging was conducted to capture a frontal view of the keyhole, which was
observed through the quartz plate. The imaging was performed at a frame rate of 6400 fps, with
an aperture setting of 11 and an exposure time of 30 us. The resulting images had a resolution
of 480 x 480 pixels and covered a field of view measuring 6.5 mm x 6.5 mm. The 810 + 3 nm
bandpass filter with a full width at half maximum of 10 £ 2 nm, was used in these experiments.

Subsequent to the HSI experiments, a post-mortem examination of the dissimilar metallic joints
(highlighted red in Figure 113) and the quartz plates (highlighted green in Figure 113) was
conducted employing the JSM-6610 electron microscope. X-maps illustrating the distribution
of key elements Al, Ti, and Mg in the melted zones and plume deposits were generated. The
average elemental composition of the plume deposits was determined via analysis with an EDX
probe.

4.4.1. Validation of the experimental method

Although transparent materials have been employed in studies for keyhole observation, it was
essential to validate that the inclusion of quartz in the experiment would not compromise the
validity of the results. Quartz was the chosen material owing to its considerably lower thermal
diffusivity relative to T40 and A5754 (Table 2 p.57, Table 3 p.60). This selection minimized
the potential for substantial modifications in the keyhole dimensions due to localized heat loss
effects. Furthermore, quartz's transparency to wavelengths around ~1 um, with over 95% of
the laser radiation directed onto the quartz plate, was not expected to induce significant thermal
effects. However, it's important to highlight that the quartz plate's transparency at this
wavelength would have prevented the occurrence of some of the multiple reflections within the
keyhole, resulting in the lateral dispersion of certain photons. Consequently, prior to
interpreting the acquired data, it was crucial to validate the appropriateness of using quartz for
keyhole observation [292].

To assess the effect of quartz, a comparative analysis was conducted on the penetrations of the
metallic melted zones measured at the joint line (P;), between the T40/A5754/quartz
experiments and the conventional butt-welded A5754/T40 configuration without quartz
(Figure 30 p.59). It was observed that the penetrations of the metallic melted zones in the
T40/A5754/quartz experiments fell either within or in close proximity to the confidence
intervals (evaluated using bilateral Student’s t-distribution) associated with the average melted
zone penetrations observed in the classical butt-welded configuration (Figure 115). This result
validated empirically utilizing fused quartz for keyhole observation in the context of pulsed
dissimilar welding in the butt-welding setup.
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Figure 115. The comparison of melted zone penetrations at T40/AA5754 joint line in
T40/AA5754/Quartz and butt-welded T40/AA5754 joints.

4.4.2. Keyhole and Melted zone morphology

The lateral thermal emissions from the keyhole through the quartz medium through the 810 nm
bandpass filter using the forementioned welding and acquisition parameters allowed
observation of keyhole drilling for the different laser spot positions (Figure 116). It was noted
that a relatively higher luminosity was exhibited by the melted zone on the T40 side, while the
melted zone with A5754 had a low luminosity, due to the difference in their vaporization
temperatures (Table 2 p.57). This observation was consistent with the principles of the Stefan-
Boltzmann law, which governs thermal emission phenomena (Eqn.36, p.48). Owing to the
elevated vaporization temperature of T40, a bright keyhole with a maximum depth of 1.28 mm
was observed in T40, surrounded by the formation of two lateral humps comprised of dull
melted material. In contrast, the A5754 alloy, characterized by its high reflectivity and thermal
diffusivity, gave rise to a relatively shallow keyhole, measuring only 0.33 mm in depth. This
happened only at the end of the pulse after a long period of inactivity (~ 4.5 ms).

In the dissimilar welding of T40 and A5754, with the laser beam centered on the joint line (Qo),
a significantly greater keyhole penetration of 2.38 mm was achieved, which was almost double
the standalone T40 penetration. The keyhole was primarily positioned on the A5754 side, with
its root being slightly displaced from the joint line. This behavior of the keyhole can be
attributed to the robust synergetic effect that was observed within this dissimilar combination.
T40, characterized by a higher absorption coefficient for the Yb:YAG laser and a greater
vaporization temperature compared to A5754, facilitated the melting and vaporization of the
A5754 side through the heat transfer from the molten titanium and titanium vapor. This is
supported by the presence of a well-illuminated surface layer of melted A5754 adjacent to the
keyhole wall. Multiple reflections originating from the Ti wall should also contribute to this
phenomenon. Therefore, the keyhole develops mainly on A5754 side with the lower
vaporization temperature. Nevertheless, the noted displacement of the keyhole root on A5754
by 0.16 mm could also be attributed to the 3° inclination of the welding head, which approaches
the theoretical laser beam position at 2.38 mm penetration (calculated by (tan3°)%2.38 mm =
0.12 mm).

The previously observed plume inclination (section 4.3.3.1.6, p.137), especially in instances
involving beam offsets on A5754 (Q.0.2, Q01), can be directly correlated to the keyhole wall
on the T40 side aligning tangentially with the joint line (Figure 116). Conversely, the
diminishment in plume inclination with beam displacement (Q+01, Q+02) towards T40
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(section 4.3.3.1.6, p.137) is due to the reduced contribution of A5754 in keyhole formation
(Figure 116). This behavior can be clearly correlated to the plume evolution toward the
characteristic vertical stable jet in the context of standalone titanium welding. This confirmed
that plume inclination is initiated by a hot and rapid vapor jet, perpendicular to the surface of
the molten T40, which expels the liquefied A5754 material.
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Figure 116. HSI images of the keyhole at the end of the pulse through 810 nm band-pass filter
(horizontal lines — surface of metal plates, vertical lines — joint lines, curved lines — limits of the melted
zone from SEM observation).

The final depths (P,,4,) Of the keyholes were found to be consistent with the penetrations of
the melted zones determined from post-mortem analysis (Figure 117). When the beam was
offset toward the T40 side (Q+0.1, Q+0.2), & notable reduction in keyhole depth was observed.
This decrease in keyhole depth was due to the higher energy required for vaporizing the
titanium, coupled with a diminished involvement of AA5754. Similarly, when the beam was
offset on the A5754 side (Q-0.1, Q-02), a relatively minor reduction in penetration was observed,
due to the continuous synergy between T40 and A5754, even when the keyhole wall on the
T40 side was tangent to the joint line. Furthermore, the decrease in penetration compared to
the centered beam position can be partly attributed to the shifting of the laser focal point away
from a um-gap between the clamped plates, which facilitates the drilling process.
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Figure 117. Maximum keyhole and melted zone depths from HSI and SEM observations.
4.4.3. Keyhole dynamics

When studying the temporal evolution of the keyhole depth (P;) during the pulse duration
(Figure 118) the dissimilar joints’ drilling dynamics resemble to that of standalone T40. Similar
to the results of the keyhole depth, the drilling rate is the highest for laser spot centered on the
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joint line (Qo) and is proportional to closeness of the laser spot to the joint line. As mentioned
earlier, for A5754, there was no keyhole development up to 4.5 ms. Due to the high reflectivity
and thermal conductivity of the melted but flat aluminum surface and the energy required to
break the native oxide layer, the keyhole drilling starts only after reaching a certain energy
threshold.

The instantaneous drilling rates (V;) were calculated based on the equation:
Py —Pi_4

Vi It 61

where dt is the time lapse between two images (156 us) and P;_; and P; are the keyhole
penetrations from two successive frames. The average drilling rates (V) were calculated for
every metal/quartz experiment using the whole set of instantaneous drilling rates:

n
_ t o Vi
p=42=0t 62
n
where n was the total number of the frames with visible keyhole.
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Figure 118. Temporal evolution of the keyhole depth for different laser spot positions and standalone
materials.

Table 14. Average keyhole drilling rates for standalone materials and dissimilar welding.

V A5754 -0.2mm -0.1mm Omm +0.1mm | +0.2mm T40
(m/s) 0.21" 0.26 0.32 0.4 0.31 0.29 0.19
“besides the dead time.
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4.4.4. Post-mortem analysis of melted zones

Several common characteristics were observed in the X-maps of the melted zones in the
dissimilar joints (Figure 119). The formation of a depression on the surface of the melt partially
filled by melted Ti observed in almost all the cases was the result of a evaporative matter loss
during the keyhole drilling process. However, proportional to the beam offset towards A5754
the melted material from the A5754 is observed to be forming an expulsion wave. The
significant accumulation of magnesium at the top of the melted zones is indicative of
substantial evaporation and subsequent oxidation of Mg. And so, the precipitation of MgO
particles both within and around the melted zone could be observed (also seen in
section 4.3.1, p.113). Evidently, similar accumulation of MgO was also observed in standalone
A5754, where the concentration of Mg in the melted zone decreased by ~1.5 at. %. Assessing
the depletion of Mg in the dissimilar melted zones is challenging due to the MgO
contamination. Furthermore, the presence of remnants of molten quartz in the form of dark
regions was frequently found on the hotter T40 side of the melted zone.
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T40 [Ed o<
Figure 119. X-mapping of the melted zones on the A5754/T40 interface and standalone materials (Ti-
blue, Al-red, Mg-green).

An assessment of geometrical dilutions of the two materials was done by the measurement of
melted zone areas on either side of the T40/A5754 joint line (Figure 120). For beam centered
on the joint line (Qo), approximately two-thirds of the melted zone area was in A5754
corresponding with the observed keyhole offset and the disparity in fusion temperatures
between the two metals (Table 2 p.57). Moving the laser spot towards A5754 (Q-0.1, Q-02) led
to corresponding increase in the A5754 melted zone area and moving the laser spot towards
T40 (Q+0.1, Q+0.2) reduced the contribution of A5754 up to 25 % of the total melted zone area.
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Figure 120. Ratio of melted zone area between A5754 and T40.
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4.4.5. Post-mortem analysis of plume deposits

Formation of condensed metal vapor deposits on the quartz plate above the melted zone
occurred from the vapor jet leaving the keyhole (Figure 121). From the first glance, it could be
noted that all the elements (Ti, Al, Mg) were present for all laser spot positions, and the separate
Ti and Al/Mg rich zones were not observed. This represented intense mixing of the respective
vapor jets.

The local intensity of an element's X-map relies on its local concentration, and in the context
of the plume deposit, this concentration is influenced by three key factors.

- Local temperature, that controls the vaporization intensity for a given element (Eqgn. 45,
p.53).

- Laser spot position relative to the joint line.

- Local velocity of the vapor jet, influencing the evacuation or accumulation of metallic
particles above the keyhole opening.

The accumulation of the metal species on the quartz is also facilitated by local heating and
melting of the quartz by its contact with the hot vapor jets (Figure 116). The central portion of
the metal deposits is found to have a low concentration of the metal atoms and two large vertical
zones rich in metal are present on either side. This phenomenon occurred because the central
part of the quart plate located directly above the keyhole encounters the most rapid central parts
of the vapor jet, through which the metal atoms were rapidly evacuated. Whereas the two
intense lateral zones on the sides encounter less rapid parts of the vapor jets which allow metal
atoms and oxide particles to be deposited. Analysis of O content was not done due to quartz
composed of SiO».

Q (mm)
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Figure 121. X-mapping of plume deposits on the quartz plate (Al-red, Ti-blue, Mg-green).
The average element content in the plume deposits were analyzed using EDX (Figure 122).
These results should be interpreted carefully since, in addition to the metal atoms and oxide
particles originating from vapor, spatters from the melted zone present were also present. The
experimental ratios of elements in the deposits and the theoretical ratios of vaporization mass
fluxes of these elements were compared.

The mass flux of a specific elements vaporizing from the melted multicomponent alloy can be
expressed as [293]:

M
(1 - .Br) Zﬂ}%T Psat N 63
n

Mg

T =9,
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where ¢, is molar fraction of an element in the alloy, S, is the recombination coefficient

(considered constant), M, is the molar mass of an element, R — ideal gas constant, T-
temperature and Pg,; — the pressure of saturated vapor of an element calculated from

Ma<1 1>] 64
T, T

where L,, is vaporization energy and T, — its vaporization temperature at normal atmospheric
pressure Pgem-

[293] Pt = P

If one admits the equality between the ratios between Mg and Al in the deposits and the ratios
of their vaporization fluxes, the following observations can be made: It is evident that
magnesium with its notably lower vaporization temperature (1364 K) compared to aluminum
and titanium, is found in significantly greater quantities within the plume deposit than its initial
concentration in the A5754 alloy, which stood at just 2.7 at. %. Using equations (63, 64) and
representing A5754 as a binary mixture with @y, = 0.0463 and ?4; = 0.9535 (based on the

EDX analysis of the raw alloy), the Mg/Al ratio of 2.2 in the plume deposit of standalone
A5754 suggests the possibility of a vapor temperature reaching 3300 K. It is noteworthy that
this temperature surpasses the vaporization temperature of the alloy, which is 2700 K.
Similarly, in the case of dissimilar welding (Qo, Q+0.1, Q+0.2), the Mg/Al ratio was 0.5 — 0.55,
which corresponded to a temperature around 4200 K - 4300 K, which was above the
vaporization temperature of T40 (3560 K). These temperature levels should be confirmed by
measurement of continuous thermal emissions from keyhole walls collected through the quartz
plate using equations 68-73 (p.173).
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Figure 122. Average composition of the plume deposits on the quartz plate.

4.4.6. Conclusions from keyhole and melted zone observations and plume deposits.

In-situ observation of the keyhole and melted zone in the 6 ms laser pulsed welding of
T40/A5754 in butt-configuration was achieved using quartz. In addition, the deposits from the
vapor plume on the quartz were also analyzed, compared to previous observations of the plume,
and temperature estimations were calculated from the average elemental content in the plume
deposits. Using quantitative analysis, it was established that using quartz did not invalidate the
keyhole and melted zone experiments.
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The keyhole depth and morphology were different between the standalone materials and
dissimilar combination. While A5754 struggled to form a keyhole within 6 ms, the
keyhole/melted zone in T40 was not as deep as the dissimilar cases. With the laser spot position
relative to the joint line affecting keyhole/melted zone depth, maximum synergy (titanium from
T40 promoting melting and vaporization of A5754) between A5754 and T40 leading to
maximum drilling was noted for the laser beam centered on the joint line.

Critical evaluation about the phenomena depicted and explained with Figure 82 (p.112) had to
be done by in-situ keyhole and melted zone observations. It was noted that depending on the
laser beam offsets, the keyhole side walls were tangential (aluminum wall for Q+02, titanium
wall for Q+02) to the joint line. These observations were consistent with the vapor plume
behavior (inclination towards A5754 for Q.o.1, Q-02). While the order of magnitude of the
drilling rates of the keyhole were closer to the keyhole drilling rate in standalone T40, it was
also noted that the drilling rate in dissimilar configuration was proportional to the closeness of
the laser spot to the joint line.

EDS analysis of the melted zones enabled calculations of the geometrical dilutions (titanium
dominant) of the materials in the melted zones. The deposits of Ti-rich zones in the keyhole
indicated that the titanium melting and vaporization promotes the melting and vaporization of
A5754 on the opposite keyhole wall. It was also observed that magnesium deposits were
concentrated near the keyhole opening correlating with previous observations of rings of
magnesium in top-view EDS analysis (Figure 83, p.114) of the melted zones.

Post-mortem analysis of the plume deposits on the quartz above the keyhole indicated
vaporization of Ti, Al and Mg, and thereby intense mixing of the vapors in the keyhole. Spatial
distribution of these elements on the quartz indicated by the local intensities indicated rapid
jets of vapor directly above the keyhole opening and slower vapors (allowing precipitation and
deposition with cooling) along the sides. Calculations performed to estimate vapor
temperatures using at.% in the plume deposits and geometrical dilutions in the A5754 alloy
suggested high vapor temperatures beyond the vaporization temperature of A5754. However,
such estimations need to be confirmed using emission spectroscopy.

In addition, simultaneous HSI of the plume and the keyhole must be done to confirm the
relationship between the keyhole side walls and the vapor plume behavior.
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4.5.  Emission spectroscopy in pulsed dissimilar welding
4.5.1. Objectives in emission spectroscopy

The objective of this spectroscopic study is to complement the High Speed Imaging study of
the T40-A5754 alloy assembly. The aim is to seek additional information that spectroscopy
can provide regarding dissimilar welding.

The spectrometer used is a Czerny-Turner monochromator equipped with an ICCD camera.
The experimental setup was presented in Chapter 2 (section 2.3.1, p.61). The spectrometric
studies without HSI were conducted with laser pulses ranging from 2 to 6 ms in duration. The
laser parameters are similar to those used in HSI. Usually, spectrometry and HSI were
performed simultaneously (Figure 28, p.58). However, it should be noted that HSI was a study
of the entire spatial extent of vapor plume with temporal analysis (from the start to the end of
the pulse) at the rate of number of images per second. In contrast, spectrometry was the study
that analyzed a spatially localized part (Figure 123) of the vapor plume near the keyhole
opening, and temporally comprising the entire lifetime of the vapor plume (i.e., one spectrum
per pulse).

In the studies conducted within this thesis, synchronization (between the laser, spectrometer,
and the camera) although possible, was not utilized due to technical constraints with the laser
system. Consequently, the signal integration time on the spectrometer detector was set to 1
second when using a laser frequency of 1 Hz for spectrometric experiments involving multiple
laser pulses.

The advantage of one second acquisition time was to gather a sufficient amount of light to
target a specific region within the vapor plume. However, the drawback was the inclusion of
ambient background noise (though this noise was minimal compared to the signal). And, for
each spectrum (or series of spectra), the background spectrum (corresponding to the ambient
noise) was also recorded. Subsequently, during the data processing phase, this background
spectrum was subtracted from the total spectrum.

To Keyhole To To

collimating Opening [| collimating

collimating

lens +——

Figure 123. Observation area for spectrometry in the vapor plume (refer Figure 73, p.106).

The focusing setup consisted of two lenses fixed on an optical bench. The collimating lens with
a focal length of 400 mm was used to collect the signal emitted by the laser plume.
Subsequently, a 100 mm focusing lens was used to inject this signal into the optical fiber. The
optical fiber, having a core diameter of 230 um, resulted in a targeted area of 0.9 mm. Based
on HSI analyses, the focal area was placed approximately 0.5~1.5 mm from the surface (as
indicated by the red circle in Figure 1 not tangent but a little elevated). This placement was
slightly above the crater formed during the interaction to avoid any melted zone entering into
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the spectral acquisition zone. Within this region, the vapor could be decisively targeted despite
the fluctuations on the surface observed in HSI.

4.5.2. Spectral regions selection for T40-A5754 welding analysis

4.5.2.1. Lowest energy levels

In this study, the assembly of pure Titanium (T40) with an aluminum alloy (A5754) containing
2.6% Mg, 0.5% Mn, and various other impurities was examined.

In previous studies [284]-[286], several titanium lines were observed throughout the
spectrometer's observation range (250-650 nm with a 2400 lines/mm grating). However, the
aluminum emission lines were not detected. It was evident that the fundamental aluminum lines
could have been observed, but there was a risk of auto-absorption (section 1.4.4, p.49). A few
lines of manganese (section 3.2.2, p.89) and magnesium [286] were observed.

Therefore, a systematic study was first conducted to identify the lines that could be observed
in the case of the T40/A5754 assembly. In welding, the metallic vapor temperature is usually
expected to be at the boiling point of the metal. Usually at this temperature, the excitation could
only occur up to the first energy levels.

A comparison of the first excited energy levels of titanium, aluminum, and magnesium atoms
are presented (Table 15). In the case of titanium and aluminum, the ground level is composed
of 2 sub-levels. It can already be noted that the first energy level of titanium (6556 cm™) is
significantly lower than that of aluminum (25347 cm™) and magnesium (21850 cm™). A
difference, by approximately a factor of 3 is observed. When aluminum or magnesium is
excited, a multitude of excited titanium levels are already present, resulting in a very rich
spectrum. Considerably more energy is required to excite these atoms.

With the assumption of thermal equilibrium at temperature T, the relative probability P, can
be calculated using the Boltzmann statistics:

Q) + 1) exp(= Ey/kg.T)
" @+ D exp(— Ei/ky.T)

The calculations were performed at a temperature of 3500 K (close to the boiling point of
titanium) and also at 8000 K. Therefore, it was evident that, in order to identify detectable
emission lines in the vapor, it is essential to explore transitions involving the least excited levels
of aluminum or magnesium.
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157



Table 15.Comparison of the first excited energy levels of titanium, aluminum, and magnesium atoms.

Ground state First excited level (cm™)
Element Ei (cm?) | Ph(3500K) | Pn(8000K) | Es (cm™?) | Pn (3500 K) | P, (8000 K)
3d%(*F)4s
a’F
0, 0,
342452 3 °F 993 0% 9.0% 6556.83 0.905 % 1.669 %
- 6598.765 1.482 % 2.760 %
Titanium 170.132 29.1% 12.1% 6661006 2023 % 3.822 %
386.874 34.3 % 15.2 % ' e oes
6742.756 2.515% 4.842 %
6842.962 2.950 % 5.812 %
3s%4s 2S 0
25347.756 | 0010% | 533904
3s3p?“P 0
35230 2p° 29 020.41 8'888421 ég 0.175 %
Aluminum 0 (?OO 34.364 % 32.30 % 29 066.96 0.0006 o 0.347 %
' 65.635 % 63.30 % 29 142.78 ' 0 0.514 %
112.061
3s23d 2D .
32435453 | 00001% | o300
32 436.796 0.0002 % ' 0
3s3p 3P°
2p3s21S o 0 21 850.405 0.013 % 1.662 %
0.000 99.89 % 82.45% 21 870.464 0.037 % 4.847 %
Magnesium 21911.178 0.061 % 8.020 %
3s3p 'P° 0 0
35 051.264 0.0002 % 0.150 %
4.5.2.2. Classification of Al transitions based on upper energy level

The possible transitions of aluminum are given in Table 16. The transitions have been sorted
in ascending order of the energy of the upper level and then the lower level (since we are
observing atomic emission lines). In this table, the wavelength in air, the energies, and their
electronic configurations for both the lower and upper levels of the transitions have been
provided.

To gain an understanding of their intensity during experimental research, the theoretical
intensities of these emission lines have been calculated, assuming temperatures of 3500 K and
5000 K (in correlation with the findings of this study (section 4.5.3, p.172)).

Considering the grating used in this spectrometer, the observed spectral range was
approximately 3.5 nm. In Table 16, the grating position had also been provided, which is linked
to the range of observation through an empirical relationship: the grating position is equal to
20 times the wavelength of the 200th pixel of the camera. For example, the grating position
(mentioned as “spectral region” from here onwards) 7888 corresponds to the spectral interval
[393.5-397 nm].

Following this consideration, spectra from A5754 was acquired with laser power ranging from
1 to 3 kW, a pulse duration of 6 ms, and a fiber (and focal spot) diameter of 600 pum. The
regions 4740, 5150, 5300, 6160, 7888, and 11100 were studied (Table 16).

Below 250-260 nm, no signal was observed, indicating low temperature.
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Table 16. Al (1) observable transitions

Al Lower level Upper level
"zr?n‘?‘) (35(';‘6}() (50(']‘8}() (ﬁf) (CETl) 3 Cof | E€m) | % | Conf | Region | Obeervation
394.40 181.40 3475.7 5.11E+07 0 0.5 3p 2P 25347 0.5 4s 2S 7888 Observed
396.15 357.30 6846.1 1.01E+08 112.06 1.5 3p 2P 25347 0.5 4s 2S 7888 Observed
30821 | 3242 | 14183 | 6278+07 | 0O 05 | 3p 2P | 32435 | 15 | 3d 2D | 6160 | Observed
30928 | 640 | 28008 | L24E+07 | 112.06 | 15 | 3p 2P | 32435 | 1.5 | 3d 2D | 6160 | Obsened
309.27 | 5836 | 25536 | 755E+07 | 112.06 | 15 | 3p 2P | 32436 | 2.5 | 3d 2D | 6160 | Obsened
26524 | 048 | 3865 | LBEW7 | 0 05 | 3p 2P | 37689 | 05 | 55 25 | 5300 | Netobened
266.03 0.95 76.44 2.65E+07 112.06 1.5 3p 2P 37689 0.5 5s 2S 5300 Not observed
256.79 0.99 92.11 2.20E+07 0 0.5 3p 2P 38929 1.5 4d 2D 5150 Not observed
257.53 0.20 18.22 4.37E+06 112.06 1.5 3p 2P 38929 1.5 4d 2D 5150 Not observed
257.50 1.78 165.98 2.66E+07 112.06 1.5 3p 2P 38933 2.5 4d 2D 5150 Not observed
669.86 0.01 0.91 1.67E+06 25347 0.5 4s 2S 40271 0.5 5p 2P 13400 Not studiied
669.60 | 0.02 182 | L67E+06 | 25347 | 05 | 4s 25 | 40277 | 15 | 5p 2P | 13400 | Notsudied
237.20 0.03 4.22 4,71E+06 0 0.5 3p 2P 42144 0.5 6s 2S 4740 Not observed
237.83 0.06 8.36 9.34E+06 112.06 15 3p 2P 42144 0.5 6s 2S 4740 Not observed
23670 | 001 | 12421 | 7006407 | 0 05 | 3p 2P | 42233 | 15 | 5d 25 | 4740 | Netobened
23733 | 018 | 2458 | L41E+07 | 11206 | 15 | 3p 2P | 42233 | 1.5 | 5d 20 | 4740 | Notoserved
23731 | 163 | 22403 | 855E+07 | 112.06 | 15 | 3p 2P | 42237 | 2.5 | 5d 2D | 4740 | Notosenved
55579 | 0.00 011 | 4206405 | 25347 | 05 | 4s 25 | 43335 | 05 | 6p 2P | 11100 | Notoserved
555.70 | 0.00 0.3 | 419E+05 | 25347 | 05 | 4s 25 | 43337 | 1.5 | 6p 2P | 11100 | Notobsenved

Two sets of lines were observed:

- The fundamental lines at 394.40 nm and 396.15 nm were intense, but significant auto-
absorption phenomenon was evident (Figure 124. A). These were the transitions reaching the
ground state, where the light emitted by the excited atoms was absorbed by the neighboring
atoms (at ground state).

- A second, less intense pair of peaks was observed at 308.21 nm and 309.28 nm, with auto-
absorption (Figure 124. B). It should be noted that the peak at 309.28 nm was composed of two
transitions. However, according to Table 16, the emission line at 309.271 nm was the most
intense (by a factor of 10). Thus, the 309.271 line could be effectively utilized.
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Figure 124. A5754 spectrum in region A) region 7888 and B) 6160 (Generated — calculated from
theoretical intensities, Peaks — after fitting observed values with PeakFit).

4.5.2.3. Classification of Mg transitions

Similar to the previous study of aluminum transitions, Table 17 presents the possible transitions
of Mg (). Magnesium is an atom with 2 valence electrons. Spectrally, it has a structure similar
to helium, consisting of 2 systems of weakly coupled levels: a system of simple levels
(corresponding to spin moment S=0) and a system of triplet levels (S=1). Selection rules
(AS=0) prohibit transitions between these two systems, except for the fundamental line.
Consequently, for the triplet levels corresponding to various possible transitions of the fine
structure, the groups of closely spaced lines were difficult to deconvolve.
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In Table 17, a list of the studied spectral regions has been presented. Only two spectral regions
could be considered for further analysis:

- In the spectral region 7635, three peaks were observed (Figure 125. A). They are, in fact,
composed of six magnesium transitions. The first peak was associated with the line at 382.93
nm. The second peak consisted of two lines at 383.23 nm, originating from the same lower
level but separated by 0.031 cm™ (with contributions to intensity of 25% and 75%). The third
peak contained three lines at 383.83 nm, originating from three neighboring levels (with
respective contributions of 1%, 84%, and 15%).

- In the spectral region 10330, three peaks were observed (Figure 125. B) associated with the
lines at 516.7321 nm, 517.2684 nm, and 518.3604 nm. These three transitions originated from
the same upper level at 41197.403 cm™.

The peak observed at 309.69 nm in the 6160 region (Figure 124), was also in the region of the
aluminum peak. This peak is composed of three transitions, but the intensity of the transition
at 309.6891 nm is predominant. Therefore, three small magnesium lines are convoluted within
the Al (1) line at 309.271 nm.
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Figure 125. Mg spectrum in A) region 7635, B) region 10330.
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Table 17. Mg transitions

Mg Lower level Upper level
ln

% Theo (3500 I (5000 As(sh) Eicm?) | J| Conf | Efcm?) | J| Conf. Region | Observation

m | S| K
285.21 9951 542348 | 5.09E+08 0 0| 321S 35051 1| s3p1P NR
77463 0.01 2.77 161E+05 | 35051264 | 1 | s3p 1P 47957 2 | s3d 3D NR
202.58 1128 | 314216 | 1.18E+08 0 0| 3s21S 49346 1| s4p 1P NR
57110 0.01 3.82 300E+06 | 35051.264 | 1 | s3p 1P 52556 0 $5s 1S 11420 Weak
552.84 0.13 58.68 105E+07 | 35051264 | 1 | s3p 1P 53134 2 | s4d 1D 11020 Weak
473.00 0.00 049 8.94E+05 | 35051264 | 1 | s3p 1P 56186 0 | s6s1S 9400 Not observed
470.29 0.05 34.90 130E+07 | 35051.264 | 1 | s3p 1P 56308 2 | s5d 1D 9400
516.73 7.35 80753 | 7.77E+06 | 21850405 | O | s3p 3P 41197 1 s4s 3S 10330
517.26 3109 | 341574 | 3.29E+07 | 21870464 | 1 | s3p 3P 41197 1 $4s 3S 10330 Observed
518.36 5149 | 5656.73 | 546E+07 | 21911.178 | 2 | s3p 3P 41197 1 s4s 3S 10330
382.93 781 1855.27 | 8.90E+07 | 21850405 | 0 | s3p 3P 47957 1| s3d 3D 7635
383.22 5.85 1389.34 | 6.67E+07 | 21870464 | 1 | s3p 3P 47957 1] s3d 3D 7635
383.23 1754 | 416598 | 120E+08 | 21870464 | 1 | s3p 3P 47957 2 | s3d3D 7635 Observed
383.82 0.39 9255 445E+06 | 21911178 | 2 | s3p 3P 47957 1| s3d 3D 7635
383.82 3248 | 771579 | 159E+08 | 21911178 | 2 | s3p 3P 47957 3 | s3d 3D 7635
383.82 5.84 1386.49 | 4.00E+07 | 21911178 | 2 | s3p 3P 47957 2 | s3d 3D 7635
309.10 0.28 13351 | 3.00E+07 | 21850405 | 0 | s3p 3P 54192 1| s4d 3D 6160
309.29 021 98.74 222E+07 | 21870464 | 1 | s3p 3P 54192 1| s4d 3D 6160
309.29 042 20163 | 2.72E+07 | 21870464 | 1 | s3p 3P 54192 2 | s4d 3D 6160 In the region
309.68 0.01 6.66 150E+06 | 21911178 | 2 | s3p 3P 54192 1| s4d 3D 6160 of Al peaks
309.68 0.14 66.48 8.98E+06 | 21911178 | 2 | s3p 3P 54192 2 | s4d 3D 6160
309.68 114 55245 | 533E+07 | 21911178 | 2 | s3p 3P 54192 3 | s4d 3D 6160

*NR — Not searched

4.5.2.4. Selection of spectral regions for T40/A5754 dissimilar welding investigation

Titanium exhibits multiple emission lines. However, for the temperature estimation study using
the Boltzmann method (where we compare the intensity of the line as a function of the energy
of the upper transition level), it is essential to select transitions that meet specific criteria:
isolated lines (not convolutions of multiple very close lines), non-saturation, minimal
background noise interference, absence of auto-absorption, and most importantly, a
representative sampling of lines covering a wide range of upper levels. (previously mentioned
in section 3.3, p.89)

To determine the relevant spectral regions, previous studies’ results [284]—-[286] were utilized.
An analysis based on ranking upper levels was done, similar to the studies of aluminum and
magnesium (section 4.5.2.2, section 4.5.2.3). Consequently, spectral regions were identified.

45.2.1.1. Region 7530

Spectra obtained from Titanium T40 during laser pulses at 0.8 kW and 1.6 kW (600mm fiber,
2 ms pulse duration) can be seen in Figure 126. In Table 18, only the observable lines from this
spectrum are listed. It contains the lines from both excited Titanium (Ti I) and once-ionized
Titanium (Ti I1). This indicates that laser interaction with titanium is more efficient. The laser
power used is lower (0.8-1.6 kW) than that used for aluminum (3 kW) (section 4.2.1.1, p.101).

Three transitions were selected:

- The line at 377.1651 nm: This is a high-intensity and isolated line (although it is perturbed
by neighboring lines at its base, adjusting the line profile with PeakFit enabled accurate
intensity determination). This transition is associated with an upper level at 26892.935 cm™.

- The line at 378.0384 nm is a small line with an easily adjustable profile. This transition is
associated with an upper level at 37976.589 cm™.
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- The line at 378.9294 nm is a large line with an easily adjustable profile. This transition is
associated with an upper level at 38159.457 cm™.

The energy difference of the upper level has already provided an initial temperature estimate

(section 4.5.3.1, p.173).
Table 18. Observable Ti transitions in the 7530 region (observed lines used for analysis — in blue).

As theoretical (nm) | As(s?) Ei (cm™) Ji Conf. Es(cm™) Js Conf.
375.9296 9.35E+07 | Till| 4897.65 |35| (3F)4sa2F 31490.82 | 35 (3F)4p z2F
376.1323 9.89E+07 | Till| 462858 |25| (3F)4sa2F 3120742 | 25 (3F)4p z2F
376.3077 5.11E+04 | Til | 17215.389 | 5 (3F)sp z5F 43781837 | 5 (4F)4d 5G
376.64419 Til | 8492422 | 1 s2 a3P 35035.137 | 2 (3P)sp x1D
376.9718 5.30E+06 | Til | 11639.81 | 3 (4F)4s b3F | 38159.457 | 3 (3P)sp u3D
377.117 1.08E+06 | Til | 1942158 | 3 (3F)sp z3F 45931.015 | 4 s2F)4d 3F
377.1651 6.02E+06 | Til | 386.875 | 4 s2 a3F 26892935 | 3 (1D)sp x3F
377.4374 7.71E+05 | Til | 20126.06 | 3 (3F)spz3D | 46612.996 | 2 s2D)5s 1D
377.7182 4.82E+05 | Til | 21469.487 | 3 (3F)sp z3G 47936.73 | 3 s4F)5d h5G
377.8974 2.08E+06 | Til | 8492421 | 1 s2 a3P 34947.113 | 1 (3P)sp y1P
377.9032 1.93E+07 | Til | 19322.984 | 2 (3F)sp z3F 45777274 | 2 s2F)4d 3F
378.0384 7.51E+06 | Til | 11531.759 | 2 (4F)4sb3F | 37976.589 | 2 (3P)sp u3D
378.2105 8.90E+05 | Til | 8602.342 | 2 s2 a3P 35035.138 | 2 (3P)sp x1D
378.4492 1.73E+07 | Til | 1942158 | 3 (3F)sp z3F 45837.7 3 s2F)4d 3F
378.6043 1.38E+08 | Til | 7255.354 | 2 s2 alD 33660.659 | 1 (1D)sp z1P
378.9294 2.35E+07 | Til | 11776.811 | 4 (4F)4s b3F | 38159.457 | 3 (3P)sp u3D
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Figure 126. Calibrated spectra in the 7530 region for A) 0.8 kW and B) 1.6 kW laser pulse (2 ms) on
T40.

452.1.2. Region 7635

Figure 127 displays spectra obtained from Titanium T40 during laser pulses at 0.8 kW and
1.6 kW in the 7635 region. The spectrum is rich in emission lines.

Table 19 contains the transitions associated with the observable lines in the spectrum.

Among the 8 selected lines, 6 transitions are associated with energy levels around
43000-45000 cm™, and 2 transitions are associated with levels near 37700 cm™. It was also
possible to use these lines for an initial temperature estimation using only this spectrum.
However, there was some dispersion in the data points associated with the levels around 43000-
45000 cm. Therefore, it was necessary to either associate these lines with those from other
spectra or apply a more rigorous selection of usable lines.
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Table 19. Observable Ti transitions in the 7635 region

As theoretical (nm) | As(sh) Ei (cm™) Ji Conf. Es(cm?) Js Conf.
381.1399 2.31E+06 | Til | 15108.110 | 3.0 | (2G)4s a3G 41337.747 | 2.0 s2 4p s3F
381.3269 3.17E+07 | Til | 16817.160 | 1.0 | (3F)sp z5F 43033.937 | 1.0| s4F)4d g5F
381.4861 2.41E+07 | Til | 16875.121 | 2.0 | (3F)sp z5F 43080.961 |2.0| s4F)4d g5F
381.7642 2.74E+07 | Til | 16961.441 | 3.0 | (3F)sp z5F 43148.187 | 3.0 | s4F)4d g5F
381.8199 3.36E+07 | Til | 18192.570 | 6.0 | (2H)4s a3H 44375501 | 5.0 | s4F)5pt3G
382.1718 1.86E+07 | Til | 16875.121 | 2.0 | (3F)sp z5F 43033.937 | 1.0 s4F)4d g5F
382.2023 3.50E+07 | Til | 17075.258 | 4.0 | (3F)sp z5F 43231.989 |[4.0| s4F)4d g5F
382.2635 1.11E+06 | Til | 18911.393 | 2.0 | (2P)4s c3P 45063.940 [2.0| (4F)5pn3D
382.6969 2.66E+06 | Til | 11531.759 | 2.0 | (4F)4s h3F 37654.689 | 2.0 | a2D)4p u3F
382.7115 2.19E+06 | Till | 39476.800 | 2.5 | (1D)4p y2D 65598.730 | 3.5 (3F)4d 4D
382.7468 1.82E+07 | Til | 16961.441 | 3.0 | (3F)sp z5F 43080.961 | 2.0 | s4F)4d g5F
382.7635 3.77E+07 | Til | 18037.213 | 4.0 | (2H)4s a3H 44155594 | 3.0 s4F)5p t3G
382.8009 3.56E+07 | Til | 18141.264 | 5.0 | (2H)4s a3H 44257.097 | 4.0 s4F)5p t3G
382.8187 4.61E+07 | Til | 17215.389 | 5.0 | (3F)sp z5F 43330.005 |5.0| s4F)4dg5F
382.9721 2.91E+06 | Til | 11639.810 | 3.0 | (4F)4sb3F 37743.964 | 3.0 | a2D)4p u3F
383.2044 4.97E+06 | Til | 18145.285 | 2.0 | (2P)4s b3P 44233.619 |3.0| s4F)5p 03D
383.3184 5.37E+07 | Til | 19322.984 | 2.0 | (3F)sp z3F 45403.557 | 3.0 s2F)4d 3G
383.3675 1.84E+07 | Til | 19421.580 | 3.0 | (3F)sp z3F 45498.814 | 4.0 s4F)4d 3G
383.4308 1.48E+07 | Til | 17075.258 | 4.0 | (3F)sp z5F 43148.187 | 3.0 | s4F)4d g5F
383.6768 4.32E+07 | Til | 19573.973 | 4.0 | (3F)sp z3F 45630.182 | 5.0 s2F)4d 3G

383.90 1.62E+07 | Til | 12118.394 | 4.0 s2 alG 38159.457 | 3.0 (3P)sp u3D
384.0322 2.22E+07 | Til | 18825.781 | 1.0 | (2P)4s c3P 44857.878 | 1.0 | (4P)4pw3S
384.1621 3.60E+06 | Til | 11531.759 [ 2.0 | (4F)4s b3F 37555.056 | 3.0 | (2G)4pv3G
384.2348 1.04E+07 | Til | 18061.386 | 1.0 | (2P)4s b3P 44079.760 | 2.0 | s4F)5p 03D
384.261 8.90E+06 | Til | 17215.389 | 5.0 | (3F)sp z5F 43231.989 | 4.0| s4F)4d g5F
384.2864 3.65E+06 | Til | 11639.810 | 3.0 | (4F)4s b3F 37654.689 | 2.0 | a2D)4p u3F
384.3157 2.51E+06 | Til | 15975.630 | 3.0 | (3F)sp z56G 41988.527 | 3.0 | s4F)4d g3F
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Figure 127. Calibrated spectra in the 7635 region for A) 0.8 kW and B) 1.6 kW laser pulse (2 ms) on
T40.

4.5.2.1.3. Region 7888

The significance of this region lies in the presence of fundamental titanium transitions,
providing access to upper levels around 25000 cm™. However, there was the drawback of
potential auto-absorption and closely spaced lines that cannot be deconvolved. It could be
observed that the only usable lines (Figure 128 and Table 20) are the two rightmost lines at
396.2851 nm and 396.4269 nm.

This region also corresponded to the region of two fundamental aluminum transitions.
Therefore, this region was chosen for HSI with a filter centered at 395 nm, despite the challenge
of overlapping titanium emission in the same region.
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Table 20. Observable Ti transitions in the 7888 region (transitions chosen for analysis in blue).
hs theoretical | 5 1y Ecmd | 3 Conf. Ecmd) | Conf.
(nm)

393.7975 | 2.394e+07 | Til | 18287.554 | 4.0 | (2G)4sb1G | 43674.130 | 4.0 | (2H)4p v1G
394.7768 9.599e+06 Til 170.134 3.0 s2 a3F 25493.734 | 2.0 (1D)sp z3P
394.8670 4.851e+07 Til 0.000 2.0 s2 a3F 25317.815 1.0 | (4P)4py3D
394.9125 | 2.060e+05 | Til | 17215.389 | 5.0 | (3F)spz5F | 42530.289 | 6.0 | s4F)4d e3H
395.6334 3.001e+07 Til 170.134 3.0 s2 a3F 25438.906 | 2.0 | (4F)4py3D
395.8206 4.044e+07 Til 386.875 4.0 s2 a3F 25643.699 | 3.0 | (4F)4py3D
396.2851 | 4.128e+06 | Til 0.000 2.0 s2 a3F 25227.220 | 3.0 | (3F)sp y3F
396.4269 3.085e+06 Til 170.134 3.0 s2 a3k 25388.331 | 4.0 (3F)sp y3F

4.5.2.1.4. Region 8006

The line at 399.86 nm is a fundamental line, that is auto-absorbed (green in Table 21). Three
relatively isolated lines at 400.2471 nm, 400.3797 nm, and 400.596 nm originate from upper
levels around 42,000 cm™ (blue in Table 21 and selected for analysis). The two transitions at
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402.1816 nm and 402.6537 nm also provide information about upper levels around
42,000 cm™.

The line at 402.45 nm stems from the fundamental transition at 402.4572 nm, with the risk of
auto-absorption. The presence of a nearby transition at 402.4743 nm (with a similar upper level
and A as the line at 402.1816 nm) strongly influences the intensity of this line (Figure 129).

Table 21. Observable Ti transitions in the 8006 region (transitions chosen for analysis in blue).

As theoretical (nm) As(sh) Ei (cm™?) Ji Conf. Es(cm™) Js Conf.
399.8636 4.07E+07 | Til 386.875 4 s2 a3F 25388.331 4 | (3F)spy3F
399.8968 2.13E+07 | Til| 17215.389 | 5 (3F)sp z5F 42214.77 4 | s4F)4d e3H
399.9343 2.75E+07 | Til| 16961.441 | 3 (3F)sp z5F 41958.478 2 | s4F)4d e5D
400.2471 4,72E+07 | Til| 17075.258 | 4 (3F)sp z5F 42052.765 3 | s4F)4d e5D
400.3797 4.12E+07 | Til| 17215389 | 5 (3F)sp z5F 42184.622 4 | s4F)4d e5D
400.596 2.26E+07 | Til| 16961.441 | 3 (3F)sp z5F 41917.193 4 | s4F)4d e5H
400.719 1.79+07 | Til| 16875.121 | 2 (3F)sp z5F 41823.209 3 | s4F)4d e5H
400.8054 2.96E+07 | Til| 17075.258 | 4 (3F)sp z5F 42017.973 5 | s4F)4d e5H
400.8928 7.03E+06 | Til 170.134 3 s2 a3F 25107.41 2 | (3F)spy3F
400.9657 1.21E+06 | Til 170.134 3 s2 a3F 25102.874 2 | (3P)spz5S
401.2791 5.08E+06 | Til| 17075.258 | 4 (3F)sp z5F 41988.527 3 | s4F)4d g3F
401.3249 1.99E+07 | Til| 16961.441 | 3 (3F)sp z5F 41871.865 2 | s4F)4d g3F
401.3583 2.20E+07 | Til| 17215389 | 5 (3F)sp z5F 42123.74 6 | s4F)4d e5H
401.5373 5.72E+07 | Til| 16817.16 1 (3F)sp z5F 41714.41 2 | s4F)4d e5G
401.6273 2.51E+06 | Til| 17215.389 | 5 (3F)sp z5F 42107.056 4 | s4F)4d g3F
401.696 1.01E+07 | Til| 17423.855 | 2 | 2D2)4sa3D 42311.265 3 | s24pg3D
401.7768 4.48E+07 | Til| 16875.121 | 2 (3F)sp z5F 41757.532 3 | s4F)4d e5G
401.7985 1.24E+07 | Til| 20209.443 | 2 | 2D2)4sblD 45090.506 1 t3P
402.1816 4.80E+07 |Til| 16961.441 | 3 (3F)sp z5F 41818.808 4 | s4F)4d e5G
402.4572 6.14E+06 | Til 386.875 4 s2 a3F 25227.22 3 | (3F)spy3F
402.4743 1.35e+07 | Til| 16875.121 | 2 (3F)sp z5F 41714.41 2 | s4F)4d e5G
402.6537 3.57E+07 | Til| 17075.258 | 4 (3F)sp z5F 41903.476 5 | s4F)4d e5G
402.7153 5.20E+05 | Til| 17369.528 | 1 | 2D2)4sa3D 42193.949 1 | s4F)5p p3D
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Figure 129. Calibrated spectra in the 8006 region for A) 0.8 kW and B) 1.6 kW laser pulse (2 ms) on
T40.

45.2.1.5. Region 9289

The peak at 463.96 nm, influenced by three intense lines at 463.9361 nm, 463.9661 nm,
463.9939 nm, and 464.0418 nm (Table 22), could not be retained. Two intense lines at
464.5188 nm and 465.001 nm, associated with upper levels around 35,500 cm™ have been
selected for analysis (Figure 130).

Two fundamental lines can be considered at 465.6469 nm and 466.7585 nm. Their upper level
is around 21,500 cm™ Auto-absorption could be present for these lines. Profile fitting should
be done for the 466.8347 nm line while carefully considering the line at 466.7585 nm in
proximity.
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Table 22. Observable Ti transitions in the 9289 region (transitions chosen for analysis in blue).

As theoretical (nm) As(s) Ei(cm?®) | Ji Conf. Escm®) | Js Conf.
463.7828 2.97E+06 | Til | 26772.969 |5 (4F)4p y5G 48328.748 | 4 d2 4p2 j5F
463.7868 2.50E+07 | Til | 18911.393 | 2 (2P)4s c3P 40466.988 | 2 s2 4p v3P
463.9361 5.98E+07 | Til | 14028.435 | 2 (4P)4s a5P 35577.093 | 2 (4P)4p w5D
463.9661 3.42E+07 | Til | 14105.634 | 3 (4P)4s a5P 35652.899 | 3 (4P)4p w5D
463.9939 6.63E+07 | Til | 13981.773 | 1 (4P)4s a5P 35527.746 | 1 (4P)4p w5D
464.0418 5.02E+07 | Til | 18825.781 | 1 (2P)4s c3P 40369.533 | 0 s2 4p v3P
464.5188 8.57E+07 | Til | 13981.773 | 1 (4P)4s a5P 35503.4 0 (4P)4p w5D
465.001 2.64E+07 | Til | 14028.435 | 2 (4P)4s a5P 35527.746 | 1 (4P)4p w5D
465.6469 1.99E+06 | Til 0 2 s2 a3F 21469.487 | 3 (3F)sp z3G
466.7585 2.18E+06 | Til 170.134 3 s2 a3F 21588.494 | 4 (3F)sp z3G
466.8347 6.15E+05 | Til 8492.421 1 s2 a3F 29907.286 | 2 (4F)4p x5D
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Figure 130. Calibrated spectra in the 9289 region for A) 0.8 kW and B) 1.6 kW laser pulse (2 ms) on
T40.
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4.5.2.1.6.

In summary, 22 emission lines were selected (Table 11, Table 23, Table 24) to be used in
Boltzmann plot analysis for temperature estimation. These lines correspond to 5 spectral
regions (thus requiring intensity calibration using a calibration lamp). The upper energy levels

Emission lines used for temperature estimation

range from 21,469.487 cm™ to 45,630.182 cm™.
Table 23. Selection of spectral transitions of Titanium for analysis.

theo?’itical As Lower level Upper level
(g )
Ei (cm®) ‘ Ji ‘ Conf. Es (cm™) ‘ Js Conf.
Spectral Region 7530
377.1651 | 6.02E+06 | Til 386.875 4 s2 a3F 26892.935 | 3 (1D)sp x3F
378.0384 | 7.51E+06 | Til| 11531.759 2 (4F)4sb3F | 37976.589 | 2 (3P)sp u3D
378.9294 | 2.35E+07 | Til | 11776.811 4 (4F)4s b3F 38159.457 | 3 (3P)sp u3D
Spectral Region 7635
381.3269 | 3.17E+07 | Til | 16817.160 1.0 (3F)sp z5F 43033.937 | 1.0 s4F)4d g5F
381.4861 | 2.41E+07 | Til| 16875.121 | 2.0 (3F)sp z5F | 43080.961 | 2.0 s4F)4d g5F
381.7642 | 2.74E+07 | Til| 16961.441 | 3.0 (3F)sp z5F | 43148.187 | 3.0 s4F)4d g5F
381.8199 | 3.36E+07 | Til | 18192.570 6.0 (2H)4sa3H | 44375.501 | 5.0 s4F)5p t3G
382.2023 | 3.50E+07 | Til | 17075.258 4.0 (3F)sp z5F 43231.989 | 4.0 s4F)4d g5F
382.9721 | 291E+06 | Til | 11639.810 3.0 (4F)4s b3F 37743.964 | 3.0 a2D)4p u3F
383.6768 | 4.32E+07 | Til| 19573.973 | 4.0 (3F)sp z3F | 45630.182 | 5.0 s2F)4d 3G
384.1621 3.60E+06 | Til 11531.759 2.0 (4F)4s b3F 37555.056 | 3.0 (2G)4p v3G
Spectral Region 7888
396.2851 | 4.128e+06 | Til 0.000 2.0 s2 a3F 25227.220 | 3.0 (3F)sp y3F
396.4269 | 3.085e+06 | Til 170.134 3.0 s2 a3F 25388.331 | 4.0 (3F)sp y3F
Spectral Region 8006
400.2471 4.72E+07 | Til 17075.258 4 (3F)sp z5F 42052.765 | 3 s4F)4d e5D
400.3797 4.12E+07 | Til 17215.389 5 (3F)sp z5F 42184.622 | 4 s4F)4d 5D
400.596 2.26E+07 | Til 16961.441 3 (3F)sp z5F 41917.193 | 4 s4F)4d e5H
402.1816 4.80E+07 | Til 16961.441 3 (3F)sp z5F 41818.808 | 4 s4F)4d e5G
402.6537 3.57E+07 | Til 17075.258 4 (3F)sp z5F 41903.476 | 5 s4F)4d e5G
Spectral Region 9289
464.5188 | 8.57E+07 | Til | 13981.773 1 (4P)4s a5P 355034 | 0 (4P)4p 5D
465.001 | 2.64E+07 | Til| 14028.435 2 (4P)4sabP | 35527.746 | 1 (4P)4p w5D
465.6469 1.99E+06 | Til 0 2 s2 a3F 21469.487 | 3 (3F)sp z3G
466.7585 2.18E+06 | Til 170.134 3 s2 a3F 21588.494 | 4 (3F)sp z3G
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Table 24. Selection of spectral emission lines from A5754 for analysis.

As As Lower level Upper level
theoretical
(nm) (sh Ei cm?) | Ji Conf. Es(cm?) | Js Conf.
Spectral Region 6160
308,2153 | 6,27E+07 | All 0 0,5 3p 2P 32435435 |15 3d 2D
309,1064 | 3,00E+07 | Mgl | 21850,405 | O s3p 3P 54192,335 | 1 s4d 3D
309,271 7,55E+07 Al l 112,061 15 3p 2P 32436,778 | 2,5 3d 2D
309,2839 1,24E+07 Al l 112,061 15 3p 2P 32435435 | 15 3d 2D
309,2982 2,22E+07 Mg | | 21870,464 1 s3p 3P 54192,335 1 s4d 3D
309,2986 | 2,72E+07 | Mgl | 21870464 | 1 s3p 3P 54192,294 | 2 s4d 3D
309,6884 | 150E+06 | Mgl | 21911,178 | 2 s3p 3P 54192,335 | 1 s4d 3D
309,6887 8,98E+06 Mgl | 21911,178 2 s3p 3P 54192,294 2 s4d 3D
309,6891 5,33E+07 Mgl | 21911,178 2 s3p 3P 54192,256 3 s4d 3D
Spectral Region 7635
382,9355 8,90E+07 Mg | | 21850,405 0 s3p 3P 47957,058 | 1 s3d 3D
383,2299 6,67E+07 Mg | | 21870,464 1 s3p 3P 47957,058 | 1 s3d 3D
383,2304 1,20E+08 Mg | | 21870,464 1 s3p 3P 47957,027 | 2 s3d3D
383,829 4,45E+06 Mgl | 21911,178 2 s3p 3P 47957,058 | 1 s3d3D
383,8292 | 159E+08 | Mgl | 21911,178 | 2 s3p 3P 47957,045 | 3 s3d3D
383,8295 4,00E+07 Mgl | 21911,178 2 s3p 3P 47957,027 | 2 s3d3D
Spectral Region 7888
394,4006 | 5,11E+07 | All 0 0,5 3p 2P 25347,756 | 0,5 45 2S
396,152 1,01E+08 | All 112,061 15 3p 2P 25347,756 | 0,5 45 2S
Spectral Region 10330
516,7321 7,77E+06 Mg | | 21850,405 0 s3p 3P 41197,403 | 1 s4s 3S
517,2684 3,29E+07 Mg | | 21870,464 1 s3p 3P 41197,403 | 1 s4s 3S
518,3604 5,46E+07 Mgl | 21911,178 2 s3p 3P 41197,403 | 1 s4s 3S

4.5.3. Temperature estimation for standalone materials T40 and A5754

During the spectral analysis, the presence of two components: atomic emission lines and a
continuous background, was consistently observed. Therefore, it would be prudent to consider
the vapor exiting the capillary to be a very dense medium at the temperature of the vapor inside
the capillary. This vapor would emit thermal radiation following the blackbody curve.
However, as the vapor expands into the air, the periphery of the plume would have a lower
density. Consequently, the emission of atoms could be observed from this layer with lower
density, i.e., an atomic emission spectrum. Because the main objective of using spectroscopy
to study dissimilar laser welding was to analyze the light emitted by the core (thermal radiation)
and the periphery of the plume (atomic emission) to estimate and compare the two temperatures
of these parts of the vapor plume.

Temperature calculated from atomic emissions, based on Boltzmann distribution of energy
levels in atoms, refer to the specific wavelengths of light emitted by atoms when they transition
from higher energy states to lower energy states. Atomic emissions focus on the discrete
spectral lines emitted by atoms in a low-density gas, while thermal emissions consider the
continuous spectrum of radiation emitted by objects at a given temperature.
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4.5.3.1. Atomic temperature estimation

With the assumption of local thermodynamic equilibrium, the determination of the electronic
temperature of atoms could be achieved using the Boltzmann plot method. The intensity of an
emission line is proportional to the following quantity,

h.c
I=A5.Nn.h.v=AS.Nn.T 66

Where Ay is the Einstein’s spontaneous emission coefficient, which is the probability of the
transition from the upper level s to the lower level [, v is the frequency of the light emitted
from the transition between the lower and upper states, and A is the corresponding wavelength.

By taking the logarithm of Eqn.66 and Eqn.28 (p.45) , we obtain:

l ( I.4 ) En + tant 67
n = —_ constan
In - As kg. T

When this logarithmic term is plotted against the energy of the upper level E,,, the slope of
(—1/kg.T) is the atomic excitation temperature.

4.5.3.2. Thermal radiation

Thermal radiation, modeled by Planck'’s law, describes the spectral distribution as a function of
wavelength (Figure 131. A). Luminance (power emitted per unit area of a blackbody, for a
given direction) is a function of wavelength and absolute temperature, expressed by Eqgn. 26
(p.45).

Thermal radiation primarily falls in the infrared range. However, the observation range of the
atomic emission spectrometer is in the region between ultraviolet and visible light, limited to
wavelengths (250 — 580 nm). According to Wien's law, the peak emission of a blackbody shifts
towards shorter wavelengths as the absolute temperature increases. If the temperature is around
3000 K, it would result in a peak emission at approximately 950 nm. Therefore, the observed
continuous background falls within the rising portion of the blackbody spectrum curve.

2hc? 1
215 e (hc/l.kB.T) _ 1

68

Imeasurea =

Since this work has been done in the range of short wavelengths (Figure 131. B), the value of
A. T is small, and the following assumption would be possible:

In this case, the intensity could be expressed as,

2
)i 2he e( ~h/ kpT) 70

measured ~ 75

Figure 131 provides a comparison between Planck's law and the approximation is done
(represented by dashed lines) for temperatures of 3000 K, and 4000 K. In Figure 131. B the
axis is shown on a logarithmic scale. For temperatures in the range of 3000-5000 K, the
approximation seems accurate within the observation range (below 0.6 um).

Taking the natural logarithm of Egn.70, we have:
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hc

In (Imeasured) = ln(ZhCZ) -5 ln(ﬂ,) - TBT 71
This radiation law can be linearized. Using Excel, the curve was plotted using,
1
In (Imeasurea) + 5 M) = f (Z) 72
For a straight line, the slope of the curve would be,
he 73
kg. T

This allowed calculation of the temperature of the vapor generated during the laser pulses.
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Figure 131. A) Comparison of Planck’s law and the approximation used for temperatures 3000 K and
4000 K and B) for temperatures ranging 3500 K to 6000 K with y-axis in logarithmic scale
(Approximation in dotted lines).
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4.5.3.3. Uncertainty evaluation in Boltzmann plot method

From the calibrated spectra, the comparison of spectra obtained in different spectral regions
was done using PeakFit. This software is used to identify spectral lines and determine their
characteristics, such as wavelength and intensity. While the program suggests lines, it is crucial
to validate these choices by considering the study of possible transitions (Table 2-8), while
taking into account factors like possible transitions and estimating the order of magnitude of
intensity.

The Lorentzian line profile was used. Initially the work was done with a VVoigt profile, but since
no significant differences were observed, the switch to fitting with a Lorentzian profile was
done, because uses two width parameters (from the function of spectrometer and gaussian)
instead of one. Figure 21b provides an example of profile fitting.

This process yields a file containing the positions of the lines, their intensities, and a width (not
utilized in this study), along with the standard deviation of these three parameters. The software
also extracts an intensity level of the continuous background (along with its standard
deviation).

In equation (eq.3), uncertainties in A, g, Ag, and E, were neglected and only the estimated
standard deviation in intensity during the profile fitting (o;) was considered.

From the differential of in (gml ) the standard deviation in the logarithm was obtained.
= 74
Gln - I

On the Boltzmann curve, this standard deviation was represented as error bars on the axis.
The determination of the slope was done using a weighted least-squares linear regression
method. In other words, the standard deviation a;,, was used to assign each data point with a
weight w = iz where,

Oin

2 _ (O1\° 7
The slope is inversely proportional to temperature:
1

- 76
k. T

p:

Therefore, from the standard deviation 9p obtained during the linear regression, the standard
deviation g in the estimation of atomic temperature was determined using,

(2 - (@ g
T P
4.5.3.4. Temperature evaluation for titanium

To compare the evolution of titanium spectra for different laser powers, a series of spectra was
recorded for laser impacts on standalone T40 titanium (600 um - spot diameter). 2 ms were
impacted in T40 for powers ranging from 0.6 to 2 kW. Examples of spectra were presented
from Figure 126 to Figure 130, recorded in the spectral regions 7530, 7635, 7888, 8006, and
9289. The lines selected for analysis were presented in section 4.5.2.1.6 (Table 23).
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Using these transitions, temperatures were estimated. Initially, after calibration of the spectra
(to compare different spectral regions), the line profiles were fit. And then, the atomic
temperatures were deduced from the slope of the Boltzmann plots based on intensities of the
selected lines (Eqn.67, p.173). Furthermore, we estimated the temperature of thermal radiation
was estimated from the levels of the continuous background emissions (Eqn.71, p.174).

In Figure 132, the lines obtained for powers ranging from 0.7 kW to 2 kW are presented. For
the Boltzmann lines, the energy of the upper level is expressed in eV, which is a more suitable
unit for presenting these curves. The 0.7 kW power represented a threshold for which the lines
are not usable. Similarly, for 2 kW, the spectra show many saturated lines (in the 7888 and
8006 regions). Therefore, they were ineligible for temperature estimation. The energy domain
varied from 3.5t05.5eV.
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Figure 132. Evolution of Titanium Temperatures as a Function of Power (600 um fiber, 2 ms pulse
duration): Boltzmann and Planck Lines.

The results of temperature estimation obtained from the curves (Figure 132) are presented in
Figure 133. The evolution of the two estimated temperatures of the different laser powers show
some dispersion of the points. But the trend appears to show that temperatures do not depend
on the laser power (in this range which corresponded to a correct welding regime).
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Figure 133. Evolution of Titanium Temperatures as a Function of Power (3a bar)

The estimation of the continuous background temperature, assumed to be interpreted as the
vapor's thermal radiation, led to a value close to the vaporization temperature of titanium (in
yellow in Figure 133).

However, a much higher atomic temperature of around 7000 K was observed. This suggested
that the atoms have not only been excited by thermal agitation within the ablated vapor but
have received an additional energy input. Therefore, it could be hypothesized that there was
interaction between the atoms and the laser beam (inverse Bremsstrahlung mechanism usually
observed in more energetic cases such as nanosecond laser absorption). It is possible that this
absorption occurs when the atoms are still in the capillary, with a high density. However, it is
very likely that this phenomenon will disappear as the vapor plume expands into the ambient
air. Even if the temperature measurement for the 2 kW appears to be ~9000 K, the uncertainty
is much higher. The temperature would be much likely be closer to the average atomic
temperature.

4.5.3.5. Spectrometric analysis of aluminum

Spectral acquisitions were made to study the evolution of aluminum spectra as a function of
increasing laser power. In this experiment, 2 ms or 6 ms pulses with 600 um spot diameter
were impacted on A5754. The power varied between 1 to 3 kW (section 4.2, p.100). Spectral
recordings are made in the two previously defined regions (7888 and 9400). Figure 134 shows
the evolution of spectra in the 7888 region, corresponding to the two most intense lines of
aluminum.
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Figure 134. Evolution of the fundamental lines of aluminum (2ms pulse duration) (Multiple fits were
tried using different parameters for 2.2 kW are represented with b and c).

The observation threshold for the two fundamental lines of aluminum was at a power of 1.4 kW
(2ms - 2.8J—600 um - 990 J/cm? - 0.5 MW/cm?). These fundamental lines were quickly auto-
absorbed: at a power of 2.2 kW, the absorption peak of the atomic emission line could be
observed because the emitted light from the excited atoms was absorbed during its path through
the less dense peripheral layers of the plume.

From 2.6-2.8 kW, stabilization of the lines’ intensity was observed. Because the base of the
emission line no longer varied. The peak height (without auto-absorption) probably increases,
but this was masked by auto-absorption.

The analysis of the lines was performed using PeakFit. In theory, these lines degraded by auto-
absorption would be unusable. However, information was extracted from the foot of the line,
the part not degraded by auto-absorption. The principle of this process was, by not taking into
account the central part of the line when fitting the line profile, it was possible to obtain a
correct fit on a Lorentzian profile (standard deviation given by the software was around
89-99%). An example of fitting is shown in Figure 135. The result of fitting for the two spectral
regions was shown in Figure 124.
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Figure 135. Example of the results for profile adjustments in PeakFit.

From the intensities of 4 Al (1) lines (394.40, 396.15, 308.21, and 309.28 nm), it was possible
to make the Boltzmann plot. In Figure 136, the two observed (and calibrated) spectra as well

as the Boltzmann line and Planck line are presented.

The result obtained from the continuous background were unusable because the interval
between these two regions was small (90 nm), and the spectrum of the 6188 region had too

much noise (ideally, having more than 2 points to plot this line would be better).

The Boltzmann lines use 4 points. It was observed that the two points corresponding to the
spectrum of the 6188 region were dispersed. This was due to the profile fitting method on
degraded lines. The standard deviation in the determination of intensities is likely

underestimated. However, there is still coherence in the result obtained.
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From these estimations of the aluminum atom temperature, temperature evolution as a function
of power was obtained (Figure 137). The points are marked with error bars representing the
standard deviation of the linear regression. The red line represents the vaporization temperature
of aluminum. Despite the liberties taken in the fittings, it was observed that the atomic
temperatures obtained are of the same order of magnitude as aluminum’s vaporization
temperature. The aluminum atoms found to be at the temperature of vaporization, was
independent of the laser power (within the studied range). The temperature from the Planck
line was ~4700 K, which is incorrect since it is higher than the atomic temperature. Multiple
spectra from a wide range of spectral regions at various wavelengths would be needed for an
accurate estimation of the macroscopic temperature.

The vapor temperature is constant, but it was observed that the intensity of the lines increases
with power. The intensity of a line depends on temperature (equation 3), but it also depends on
the amount of emitting material. Therefore, it was concluded that as the laser power increases,
the increase in line intensity reflects an increase in the amount of material ejected from the
capillary, rather than the temperature.
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Figure 137. Evolution of atomic temperature of aluminum as a function of laser power.

In Table 25, the results for a laser pulse duration of 2 ms and 6 ms, at a power of 3 kW for 4
different emission lines are compared. The estimated temperature increases slightly, but given
the standard deviation, it is not significant. However, when the pulse duration changes from 2
ms to 6 ms (increasing energy by a factor of 3), the intensity increases by a factor of 2. It is
evident that by tripling the pulse duration, three times more laser energy was delivered during
the interaction.

Table 25. Comparison of emission lines' intensities for different pulse times.

3 kW Temperature | 308.2nm | 309.3nm | 394.4 nm | 396.1 nm

2ms 28031236 K 4.021 6.449 52.977 77.119

6 ms 29174168 K 8.879 13.913 99.26 149.3
Ratio of intensities 2.2 2.2 1.9 1.9
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4.5.3.6. Conclusions on spectrometric analysis of pulses on standalone T40 and A5754

According to Eqn.28 (p.45), the intensity of an emission line depends on the temperature (as
temperature increases, excited states become more populated) and the amount of ablated
material (atoms present in the plume). In continuous laser welding, the increase in the intensity
of emission lines only represents an increase in the ablated material (atoms) in the capillary.

Similar conclusions to HSI were obtained from spectroscopy:

- Aluminum is difficult to weld due to its high reflectivity and thermal conductivity and
diffusivity. Laser powers of at least 2-3 kW were necessary to achieve penetration (while 1 kW
was sufficient to achieve similar results in the case of titanium). For the different laser
parameters used on standalone aluminum, the spectroscopic analysis showed that the
temperature of the atomic emission lines had the same order of magnitude as the vaporization
temperature. Therefore, it was concluded that the vapor’s atoms are in equilibrium at the
vaporization temperature.

- In the case of titanium, spectroscopic analysis of the continuous background allowed
estimation of the temperature to be of the order of the T40’s vaporization temperature. The
vapor exiting the capillary is a dense and opaque medium at the vaporization temperature. The
study of emission lines showed that as the vapor expands into the air, a dense core of vapor
emitting thermal radiation, surrounded by atoms at the periphery with lower density generating
atomic emissions could be observed. The estimated temperature of the atomic emission lines
was in the order of 7000 K. This suggested that the atoms have not only been excited from
thermal agitation within the ablated vapor but had also received additional energy.
It is generally accepted that in laser welding (with a 1064 nm wavelength source), the vapor
plume ejected from the capillary does not absorb the laser beam. Temperature gradients can
cause beam defocusing, and the vapor may become slightly opaque near the capillary, but there
IS no process of inverse Bremsstrahlung. The process of Inverse Bremsstrahlung corresponds
to photon absorption during the collision of an electron with an ion. Therefore, the presence of
ionized titanium (Ti I1) in the spectra of the 7530 region (Figure 126) could be a residue of
more significant ionization inside the capillary, with recombination occurring during expansion
into the air.

Therefore, the estimated atomic temperature in this study suggests that the atoms from the
vapor were excited by the laser beam inside the capillary, where the vapor is very dense with
atoms. As a consequence, when modeling the capillary, consideration of laser beam absorption
by the vapor inside the capillary is advised.

4.5.4. Spectrometric analysis of dissimilar welding of T40-A5754 butt-joint.

The objective of this work was to study the effect of the laser beam offset relative to the joint
plane for laser impacts on T40-A5754 in butt-configuration. The 600 um spot diameter, a pulse
duration of 6 ms and a peak power of 2 kW, the spectral study was initially conducted to
estimate atomic temperature using a methodology similar to the previous study conducted with
standalone Titanium T40. Subsequently, the influence of the laser beam offset relative to the
joint plane on the spectra was investigated.

4.54.1. Temperature estimation

This analysis was conducted solely based on the titanium lines. When studying the effect of
impacts on a single material, successive pulses were impacted on the same plate. Therefore, it
was possible to carry out a series of recordings distributed across the plate. Studying impacts
at the interface between two materials required aligning the two plates parallel to the XY table's
movement and controlling the offset of the beam relative to the path of movement. The series
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of tests therefore were localized on a single line, rendering it more challenging to perform a
large number of experiments. Additionally, spectral recordings were often performed
simultaneously with high-speed imaging tests.

To estimate the temperature evolution (Figure 138), titanium lines from two spectral regions
were used: the 7636 region and the 9290 region (Table 23, Table 26). The advantage of these
two regions was that they had upper-level energies ranging from 21,500 cm™ (2.66 eV) to
45,600 cm* (5.65 eV). The transitions used in this study are summarized in Table 26.

The study of the influence of the offset was conducted from Q.02 to Q+02. Two trials were
conducted for each condition (Q) and each spectral region to test repeatability.

Table 26. Ti transitions selected for dissimilar vapor temperature calculation in 7636 and 9290 region.

)s theoretical (nm) gs.As (s1) Ei (cm?) Ji Es (cm™) Js
381.3269 9.5130E+07 16817.16 1 43033.937 1
381.4861 1.2050E+08 16875.121 2 43080.961 2
382.2023 3.1500E+08 17075.258 4 43231.989 4
383.6768 4.7531E+08 19573.973 4 45630.182 5
384.1621 2.5165E+07 11531.759 2 37555.056 3
464.5188 8.5680E+07 13981.773 1 35503.4 0
465.001 7.9260E+07 14028.435 2 35527.746 1
465.6469 1.3895E+07 0 2 21469.487 3
466.7585 1.9575E+07 170.134 3 21588.494 4
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Figure 138. Evolution of temperatures as a function of laser spot position.
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From the calibrated spectra (which allowed comparison of spectra from different spectral
regions), the intensities of the studied lines were extracted using PeakFit (peak profile fitting).
As previously done (section 4.5.3, p.172), the Boltzmann curve was then plotted to estimate
atomic temperature. Similarly, based on the continuous background level (thermal radiation),
vapor temperature was estimated. The error bars represented the estimated standard deviation
during the calculation. This study was conducted for different laser source offsets. Figure 138
showed the evolution of these temperatures as a function of the offset.

Results similar to the results from pulses on standalone materials were observed. The spectra
were the superpositions of continuous spectrum and atomic emission spectrum. The continuous
spectrum resulted from a dense vapor core emitting thermal radiation with a temperature
estimated at 3100 K, in the same order of magnitude as titanium’s vaporization temperature.
The atomic emission spectrum was the result of emissions from atoms in the periphery of the
vapor plume expanding into air. The estimated temperature was around 6800 K, indicating that
the atoms from the vapor were excited by the laser beam inside the capillary where the vapor
was very dense.

With the radius of the beam being 300 pm, it could be observed that these temperatures seemed
to be constant (given the estimated standard deviation) when studying an offset ranging from
Qo2 to Q+02. The error bars represented the estimated standard deviation during the
calculation. For each position, two trials conducted were consistent, given the estimated
standard deviation. However, there was some dispersion due to the fluctuating dynamics of the
capillary over time, resulting in temporal fluctuations of the plume (the spectrum was obtained
over the plume's lifetime).

4.5.4.2. Evolution of the spectra with respect to laser spot position

Spectroscopic analysis was conducted with the aim of investigating the effect of the beam
offset relative to the joint line. Several spectral regions were examined for this study, and they
showed complementary results. Furthermore, 3 pulses were impacted consecutively on the
same spot to study the evolution of the spectra as a function of the evolution of the composition
of the melting and solidifying zone. During the first pulse, the two materials mixed into the
melted zone. And so, in the subsequent pulses, the spectra represented the migration of the two
constituents into the melted zone from the first impact.

454.2.1. Spectral region 7850: Evolution of Ti emission lines

The effect of beam offset relative to the joint line in the 7850 region was examined. In this
region there were a fundamental line of Al (1) and several titanium emission lines (Table 27).

The evolution of spectra as the beam was offset from Q.02 to Q.03 are presented (Figure 139
to Figure 142). Figures labeled (a) show the spectra acquired from the three consecutive laser
pulses. This allowed a comparison of the evolution of the continuous emission and the atomic
emission lines. Figures labeled (b) show the profile analysis performed using PeakFit by
subtracting the continuous thermal emission and extracting the parameters of the various lines.

On each spectrum, the auto-absorbed aluminum line was observed. At Q.o2, fundamental
transitions yielding Ti (I) lines were observed, confirming the presence of titanium in the
molten pool. As the beam was offset towards titanium, the intensity of the observed
fundamental Ti (1) lines increased, and subsequently emissions from higher excited states
emerged. For the beam offset completely on titanium (Q+03), the Al (1) line at 394.77 nm was
still visible. Given the acquisition gain used, this line was saturated along with the titanium line
at 394.87 nm. And so, they are not presented in Figure 139.
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In Figures (a), the effect of repeated impacts was analyzed. Following the first laser pulse,
fusion and mixing of the molten materials occurred. Therefore, the surface for the second and
third impacts was already composed of a mixture of materials with different properties
(reflectivity, thermophysical properties), which could influence the interaction during the
pulse.

- In the case of Q.o2, a slight decrease in the intensity of the Ti lines and an increase in the
intensity of the aluminum peak were observed. It was possible that the melted zone was
enriched in aluminum during the pulse.

- In the case 