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Foreword

With the continuous improvement in, the output power, beam quality, and energy
efficiency, high power lasers as light and heat sources of high-energy density beams
have been widely applied to material processing, forming a significant part of special
or non-traditional material processing technologies. The laser materials processing
technology has various advantages, including non-contact, precise energy control,
wide material suitability, greater flexibility, high quality, and environmental friend-
liness. For this reason, this technology can be used not only for efficient automatic
mass production, but also for a large variety of small batch processing, and further,
for customized production. Thus, laser processing has become an essential tech-
nology for the manufacturing industry to transform and upgrade. After years of
R&D, laser processing technology has become one of the most important technical
means of high-energy beam processing in five major manufacturing fields: welding,
cutting/drilling/marking, surface engineering, micro/nano fabrication and additive
manufacturing (3D printing).

Laser welding is a process to join similar and dissimilar materials by fusion. It has
many advantages over traditional arc welding, including higher speed, higher energy
density and depth-to-width ratio of weld joints, smaller heat-affected zones and
deformation, better quality and performance of the joints, more efficient production,
and more flexible control and operation, which shows enormous potential as an
advanced welding technology. Nevertheless, given the high energy density of laser
beam, the dynamic state of melt pool at very high welding speeds is more complex.
Welding defects elimination, welding process stability and deformation control have
become key technological challenges that need to be understood. To establish a
fundamental theory of laser welding, particularly the keyhole welding, understanding
of laser weld pool dynamics is essential.

Professor Shuili Gong and his research team have long been engaging in laser
welding basics and engineering application research. They have systematically
carried out in-depth research on interaction mechanisms between lasers and mate-
rials, weld pool behavior and its influence on welding processes, having established
a series of theories to aid the development of laser welding technologies and appli-
cations. This book is an extract and summary of achievements made by the author’s
team through many years of research, and is a collection of theoretical findings on
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vi Foreword

the topic of laser keyhole weld pool behavior. Professor Gong’s research team has
proposed and established various theories on the dynamic behavior of laser welding
pool, which provide a theoretical basis for revealing welding defect mechanisms,
welding process stability mechanism and its equilibrium conditions, guiding the
practical engineering applications. At the same time, the theories also underpin the
research and application of other laser process technologies.

This book is a monograph on the basic study of laser welding, particularly on
laser keyhole welding, laser welding with wire filler, laser welding of thick section
materials and laser vacuum welding. It would be a valuable reference for researchers
and engineers. I am very happy to recommend this book to the readers.

July 2020 Prof. Lin Li
Fellow of the Royal Academy of Engineering

The University of Manchester

Manchester, UK



Preface

In 1917, Albert Einstein, put forward the concept of stimulated emission and discov-
ered the photoelectric effect, laying theoretical foundation for the invention of laser.
In May 1960, Dr. Maiman, an American physicist, created the world’s first ruby
laser based on the development of quantum electronics, marking the beginning of
research on laser and its application. In the early 1960s, reports began to appear
about the technical applications related to laser drilling and welding. With contin-
uous improvement on laser technology and laser beam quality and increasing output
power, lasers are quickly applied to material processing as the light and heat sources
of high-energy density beams, forming a special material processing technology
cluster of great significance—laser processing technology. This technology has a
wide range of advantages such as non-contact, precise energy control, suitability to
a variety of materials, strong flexibility, high quality, resource saving, and environ-
mental friendliness. It can be used not only for efficient and automatic mass produc-
tion, but also for small-scale processing of multiple varieties of materials, and even
for product customization. This makes the laser processing technology essential for
transformation and upgrading of the traditional manufacturing industry. After years
of development, the laser processing technology has developed into a high-energy
beam processing technology, becoming one of the three important technical means in
three major manufacturing technologies—welding and removal, surface engineering
and additive manufacturing (3D printing). The laser processing technology can be
divided into many categories, such as welding, cutting, drilling, rapid prototyping,
etching, micro-nano processing, surface modification, spraying and vapor deposi-
tion, and play an important role in many fields of national economy and defense
development.

Compared with traditional arc welding technology, the laser welding technology,
typical of the laser processing technology, has an array of advantages such as high-
energy density (up to 10" W/cm?), high depth-to-width ratio of weld joints, small
heat-affected zone, small deformation, high quality and performance of the joints,
high production efficiency, and flexible control and operation. The laser welding
technology has enormous potential for welding.

The laser welding technology develops along with the advancement of laser tech-
nology. The laser welding method moves from heat conduction welding towards deep
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viii Preface

penetration welding as the laser output power increases, beam quality improves, and
theoretical research and technology continues. The welding technology constantly
develops. Laser butt welding, laser superposition welding, hybrid laser-arc welding,
laser welding with filler wires, dual-beam laser welding, multi-beam laser welding,
dual-beam laser welding with filler wires, ultra-narrow gap laser welding, all-position
laser welding, long-focal-length dynamic laser welding, and other technologies
emerge and develop one after another. Accordingly, welding equipment, welding
systems, and process detection and control technologies are improved, laying a solid
foundation for the application of laser welding technology in the national economy
and defense development.

Since the laser technology has been applied to welding, the theoretical research of
laser welding moves along. Systematic research has been carried out from different
modes of the interaction mechanism of lasers and materials, the weld pool behavior
and its influence on the welding process, which provides solid theoretical support for
the development and application of the laser welding technology. The scientific and
technical workers have studied the interaction mechanism of lasers and materials
and the physical state change process of materials, obtaining two typical welding
modes of laser heat conduction welding and deep penetration welding. They real-
ized that the laser energy density is the key parameter of the mutual transformation
of the two welding modes and found that the weld pool generated in deep penetration
laser welding is characterized by the dynamic keyhole behavior, and the thermody-
namic equilibrium in weld pool keyholes of deep penetration welding is a necessary
condition for the stable formation of keyholes. Through application research and
engineering practice of laser welding, welding scientific workers discovered that the
weld pool behavior in deep penetration laser welding plays an important role in the
stability of laser welding. Studying and mastering the dynamic behavior of weld
pools in laser welding becomes the key foundation for the optimization of technical
parameters and stability control in welding.

Over the years, with the support of government agencies and organizations,
Beijing Aviation Manufacturing and Engineering Institute, Huazhong University of
Science and Technology, Xi’an Jiaotong University, Harbin Institute of Technology,
Dalian University of Technology, etc., have conducted in-depth research on the tech-
nology basis of laser welding, and have carried out continuous study on the weld pool
behavior in laser welding, systematically revealing the weld pool behavior in laser
welding and its influence, providing theoretical support for the practical application
and promotion of the laser welding technology, and laying a solid foundation for
drafting this book.

This book systematically describes the main research achievements on the weld
pool behavior of domestic laser welding in recent years. It refines and summarizes the
relevant research work from the institutions such as National Defense Science and
Technology Key Laboratory of High Energy Beam Processing Technology in Beijing
Aviation Manufacturing and Engineering Institute, Huazhong University of Science
and Technology, Xi’an Jiaotong University and Taiyuan University of Science and
Technology. The research work of the authors’ research team especially provides
great support to this book.
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This book consists of 9 chapters, which systematically describe the weld pool
behavior during laser welding and its influencing factors, including the experimental
research, theoretical calculation and process simulation technology, physical state
transformation behavior of weld pools, and the impact of technical conditions on the
weld pool behavior. The research achievements of this field in China are intensively
reflected in the research results, some of which present the latest frontier research
work of the authors’ research team, such as the weld pool behavior of dual-beam
laser welding, the weld pool behavior of laser welding with filler wires, and the weld
pool behavior of heavy-thickness full-penetration laser welding and laser welding
in vacuum and low vacuum conditions, etc. Those who participated in compilation
of this book are Shuili Gong, Shengyong Pang, Hong Wang, and Linjie Zhang,
among which Shuili Gong is responsible for the content of preface and Chapter 1,
Shengyong Pang for the content of Chaps. 3-5 and Chaps. 7-9, Hong Wang for
the content of Chap. 2, and Linjie Zhang for the content of Chap. 6. The whole
book was reviewed and finalized by Shuili Gong. This book not only can be used
for reference for engineering technicians, scientific researchers in the field of laser
material processing, scientific researchers majored in material science, and teachers
and students in colleges and universities, but also have high reference value for
research and development personnel in the field of laser equipment, optical scientific
researchers, scientific and technical personnel in the related fields of laser application
physics, and teachers and students in colleges and universities.

During the compilation of this book, we received great support and help from
our research team. We would like to thank National Defense Science and Tech-
nology Key Laboratory of High Energy Beam Processing Technology in Beijing
Aviation Manufacturing and Engineering Institute, Huazhong University of Science
and Technology, Xi’an Jiaotong University and Taiyuan University of Science and
Technology, and especially thank Professor Jianxun Zhang of Xi’an Jiaotong Univer-
sity for his guidance for this book, Professor Jianzhong Xiao and Professor Jianxin
Zhou of Huazhong University of Science and Technology for their strong support
for this book, and our colleagues’ support and help. We would like to thank the
authors listed in the bibliography of this book for their works and papers which have
contributed greatly to the compilation of this book.

We’d like to comfort Professor Lunji Hu and Professor Liliang Chen of Huazhong
University of Science and Technology with this book. Without their support and
guidance over the years, the authors may not have completed this book.

Due to the authors’ limited knowledge, it is inevitable that there are inadequacies
and shortcomings in the book. You are welcome to criticize and correct us.

Beijing, China Shuili Gong
July 2017



Introduction

This book systematically describes the weld pool behavior in laser welding and its
influencing factors from the perspectives of testing technology, theoretical calculation
and process simulation technology, physical state transformation behavior of weld
pools, and the impact of technical conditions on the weld pool behavior. The book
covers extensive research achievements made by China in this field, some of which
represent the latest cutting-edging research conducted by the authors’ research team.
These latest research efforts mainly relate to the weld pool behavior of dual-beam
laser welding, laser welding with filler wires, full-penetration laser welding of very-
thick parts, and laser welding in vacuum and low vacuum conditions.

This book can be used by teachers and students in universities and colleges and
engineering technicians for reference.
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Chapter 1 ®)
Laser Welding Basics oo

Abstract This chapter introduces the basics of laser welding process. The principles
of laser material interactions, the characteristics and theories of laser welding, and
the research outlines of weld pool dynamics of laser welding process are presented.

1.1 Interaction of Lasers and Materials

The interaction process between laser and material is complicated, involving multiple
disciplines such as laser physics, heat transfer, plasma physics, non-linear optics,
thermodynamics, gas dynamics, fluid mechanics, mechanics of materials, and solid-
state physics. Laser welding, which is one of the major applications of the laser
processing technology, also utilizes the physical phenomenon generated by the inter-
action between laser and material, and these physical phenomena may come down
to the thermal and mechanical effect of the material being processed. The main
research content and direction include the reflection, absorption, and energy conver-
sion of the laser by the material, and the heating, melting, thermocompression shock
wave, vapor ejection, plasma expansion, and shock wave of the material by the laser.
Nevertheless, during the laser welding research, the focus is on the absorption of the
laser by the welded material and the thermophysical and mechanical effects of the
material itself (such as heating, melting, vaporization, and plasma effect). The main
physical phenomena are shown in Fig. 1.1.

1.1.1 Laser Absorption by Materials and Material Heating

The regular motion of damped oscillation of the charged particles in the atom is
described by the classical mechanics; that is to say, the charged particles are regarded
as the oscillators following the classical mechanics. The oscillators vibrate as bound
close to a certain equilibrium position by the elastic restoring force directly propor-
tional to the displacement. In case of deviating from the balanced position, the oscil-
lators will be acted by a restoring force. In terms of metal, oscillators in the metallic

© China Aviation Publishing & Media Co., Ltd. 2021 1
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Fig. 1.1 Physical effect on the material surface under the laser action

material are mainly free electrons. Absorption in the metal is mainly completed by
the vibration of free electrons which can move freely under the electric field action
without the effect of the restoring force. The natural vibration frequency of the oscil-
lators is wy = 0, and the relationship between refractive index n, extinction coefficient
k, and damping factor y, plasma frequency w), is as follows:

1/2
w2 2 2y 2 2
J(1=55) ++(5E) + (- 5%)
n= (1.1)
2
2 2 wzy 2 2 172
(- 5%) ++(z8) - (- 7%)
K = 5 (1.2)

where

Ne? e*w}
w, = —)/ [
P meg 6 e0c3m

The plasma frequency wy, is the strength parameter, which determines the relative
strength of the oscillators; the damping factor y is the parameter of the band width.
As we can see from Egs. (1.1) and (1.2), when the laser frequency is far less than the
plasma frequency, n and k increase rapidly, most of laser is reflected, and very little is
absorbed; when the laser frequency is close to the plasma frequency, n shows the local
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minimum value, and k value monotonically decreases. Therefore, the laser can be
absorbed well when the laser frequency is near the plasma frequency; when the laser
frequency continues to go up and far more than the plasma frequency, » is quickly
approaching 1, and k quickly becomes 0, in which case, the metal is transparent. The
plasma frequency of the metallic material is between ultraviolet and near-infrared
band, so the laser from near-infrared, visible, to ultraviolet band is relatively favorable
to metal processing; the far-infrared laser is almost reflected by the metal. For the
infrared light with low photon energy, the light frequency electromagnetic wave
only works on the free electrons in the metal, while for the visible light or UV-light
with high photon energy, the optical frequency electromagnetic wave can also work
on the bound electrons in the metal as the inherent frequency of bound electrons
in the metal is within the visible or UV-light frequency band. Under the action of
the bound electrons, the reflecting capacity of the metal reduces, the transmitting
capacity increases, and the laser absorption capacity increases, indicating certain
non-metal optical property.

Due to interaction between the laser and the electrons, ions, lattice vibration, impu-
rities, and defects in the material, the laser can be absorbed by the material. Therefore,
the optical properties of the material are closely correlated to laser absorption.

Transmission of the laser action in the material can be described by Maxwell’s
equations. When electric field intensity of the laser in the material is substituted into
the Maxwell’s equations, the relation between the complex refractive index (7 =
n — ik) and the material’s physical constant, which can reflect the electromagnetic
wave propagation features, can be obtained.

4 2

=l e+ (20 4 (13
4 2

K2 — % g2 + ( _7:00> — & (14)

where: w—Frequency;

e—Dielectric constant;

u—Magnetic conductivity;

o—Electrical conductivity;

n—Refractive index;

k—Extinction coefficient, which reflects the attenuation characteristic of the
electromagnetic wave amplitude.

Equations (1.3) and (1.4) show that the refractive index and extinction coefficient
of the material are closely correlated to the permeability, dielectric constant, electrical
conductivity, and laser frequency.

For the isotropous homogeneous substances, according to Lambert—Beer-Bouguer
law, the laser intensity / decreases exponentially with the transmission distance z
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in the material, I, = Ipexp (—az), where o is the absorption coefficient. The
relationship between the absorption coefficient and the laser frequency and extinction
coefficient is as follows:

2 4
oo = SWK_ ATTK (1.5)
c ni

where, c—Laser speed in the vacuum;

Ar—Laser wavelength in the vacuum;

1/0p—Light absorption length, defined to be the light beam propagation distance
when the light beam intensity reduces to 1/e (37%) of the original due to the photon
energy being absorbed.

The feature of the absorption coefficient related to the laser wavelength is called
the selective absorption, while the absorption where the absorption coefficient does
not change with the laser wavelength is called the general absorption. Normally, the
absorption coefficient has nothing to do with the laser intensity.

Absorption of the laser in the material depends on the permeability, dielectric
constant, electrical conductivity, and laser frequency. During laser processing, once
the laser frequency is determined, the absorption coefficient is only correlated to
the extinction coefficient. Therefore, analysis of the absorption of the laser in the
material can be converted to analysis of the extinction coefficient and physical char-
acteristics of material. The higher the dielectric constant of the material is, the lower
the electrical conductivity will be, the higher the refractive index will be, and the less
the extinction coefficient will be, so the less the absorption coefficient will be; the
higher the material permeability is, the higher the electrical conductivity will be, and
the lower the dielectric constant will be, so the higher the absorption coefficient of
material will be. In addition, laser absorption is also correlated to the microstructure
and surface status of the material.

1.1.2 Laser Heat Source Model and Laser Heating Effect

When the substance absorbs the laser, excess energy appears first in some mass
points (kinetic energy of free electron, excitation energy of bound electron, or excess
phonon), other than the heat. These orderly original excited energies can be converted
into the heat energy through two steps: Step I is the stochastic motion of the excited
particles in both space and time. This process is completed during particle collision
time (momentum relaxation time), which is a very short moment; Step II is the
uniform distribution of the energy between each mass points. This process contains
a mass of collision and intermediate state, especially non-metallic materials. Finally,
a certain form of energy distribution will take shape in the material. In conclusion,
the heating process of the material under the laser action is extremely short.

To study the thermal action due to interaction between laser and material, it’s
generally assumed that a heat source with its laser energy distribution the same as
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the absorbed laser energy distribution applies to the material surface, and under this
precondition, the temperature field model is built to analyze the heating and cooling
process during the laser processing. The heat transfer phase from the surface material
into the matrix mainly follows the Fourier law of heat conduction. The heat source
model of the laser varies with different materials. For metallic material, the laser
absorption length is very limited. Laser absorption occurs within 1-5 pm of the
material surface. The heat source model can be expressed as follows:

Ovixy,zn = Alo(x, y,1)8(2) (1.6)

where: A—Absorptivity of the laser by the material;

Iy (x, y, t)—Distribution of the laser intensity on the material surface;

8 (z)—Dirac function.

The laser intensity 1y (x, y, and ) is usually represented as the production of spatial
distribution I (x, y) and dimensionless time waveform B (f). Typical wave forms
B (¢) include step wave, rectangular wave, triangular wave, trapezoidal wave, and
Gaussian waveform, etc.

During the laser heating process, the thermal physical parameters of material
(absorption coefficient, specific heat, thermal diffusivity, and thermal conductivity
coefficient) vary with the temperature, however, for most of materials, the change of
heat physical parameters is relatively little as the temperature changes, nearly equal
to a constant, or the temperature in the process may be regarded as average value.
In the following discussion, it’s assumed that the thermal physical parameters of
material are independent of the temperature.

When the laser beam of Gaussian distribution stands still relative to the material
surface, the maximum value distribution of the temperature field on the semi-infinite
material surface is as follows:

dat

arctan,/ — (L.7)

AT = oy r?

where: A—Laser absorptivity;

P—TLaser power;

r—Equivalent radius of the laser beam;

k—Heat conductivity coefficient of material;

a—Thermal diffusion coefficient of material.

Heating of the material by the laser is correlated to various factors, such as laser
power density, equivalent radius of the laser beam, and material heating time by the
laser. The equivalent radius is generally defined as the distance from the center of
the laser beam to the position when the light intensity drops to 1/e of the central light
strength. For the Gaussian beam, the equivalent radius is w/,/2 (w is the spot size
of the Gaussian beam). If the time characteristic constant 7y = r2/4« is introduced,
Eq. (1.7) can be rewritten as:



6 1 Laser Welding Basics

AT = AP ctan | F (1.8)
= —————arctan_ / — .
km3/2r 7

If the laser-material action time 7 is far less than the time characteristic constant
T¢; that is to say, the laser irradiation time is very short, then

T T
arctan_ | — ~ | —
To To

Equation (1.8) can be simplified to be:

ar=-AP T (1.9)
T kwd2r\ 1o '

If the laser-material action time T is far more than the time characteristic constant
T, the laser irradiation time is relatively long and the temperature field approaches
steady state, thus,

T w
arctan | — ~ —
70 2
Equation (1.8) can be simplified to be:
AT = AP (1.10)
 2km'2r '

If the laser-material action time t is close to the time characteristic constant 7
(generally 0.1 79 < 7 < 379), then

T T(T 3/8
arctan, | — ~ —| —
7o 4 7o

Equation (1.8) can be simplified to be:

AP [t\®

Heating of the material by the laser is mainly applied in the laser heat treatment
technique. Usually, under the heat treatment condition, the laser beam applies to the
material surface in the form of scanning, and the laser beam in this case is regarded
as the moving heat source. The temperature field generating the moving heat source
is the quasi-steady state, equivalent to the static temperature field dragging in the
material at the laser scanning speed v, in which case, it’s necessary to define an
equivalent laser action time 7* = Cr/v. To approximately describe the temperature
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change of the moving laser surface using the static laser surface temperature, the
constant C can be properly adjusted, usually equal to 1.25.

When the laser equivalent action time 7% = 1.25r/v is substituted to Eq. (1.7),
the maximum temperature at the center of the light spot can be obtained.

AP ) [Sa L12
—kﬂTzrarcan ‘U_r ( )

The characteristic velocity vy = Sa/r is introduced. Generally, in the actual lasering
heat treatment, the laser scanning speed is near vy, in which case, Eq. (1.12) can be

rewritten as:
AT = AL rctan | (1.13)
= —arctan, | — )
km3/2r v

As it can be seen from Eq. (1.13), the material surface temperature is directly
proportional to the square root of the heating time. For the laser heating pulse at
the given energy, when the power density increases, the pulse duration (i.e., heating
time) will definitely be shortened and the temperature on the material surface will
raise; that is to say, the laser pulse with high peak power and short duration can heat
the material surface more effectively.

AT

1.1.3 Material Melting Under Laser Action

Physical issues more closely related to the laser processing is melting and vaporiza-
tion of the material caused by the laser. When the temperature of the material surface
heated by the laser is up to the melting temperature and vaporization temperature,
Eq. (1.7) is no longer true. The material has to absorb latent heat during melting and
vaporization. After melting and vaporization, the heat conductivity of the material
changes greatly and the heat conduction gets very complex.

When the laser with a certain strength beats down on the material surface, and the
material surface temperature is up to the melting point 7', the isothermal level (prior
to the melting wave T = T,,) will transfer into the material at certain speed, with
the propagation velocity depending on the laser power density and thermodynamic
parameters of the material in both solid and liquid phases. The melting without
vaporization is usually defined to be shallow melting. In case of shallow melting,
the light spot is larger than the weld pool in diameter, and the effect of transverse
thermal diffusion can be ignored. Maximum depth at the shallow melting zone can

be represented as:
1.2k (T,
Z— | — -1 (1.14)
AP v Tm m,max
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where T,,—Melting temperature of the material;

T ,—Vaporization temperature of the material.

In terms of the material characteristics, the larger the ratio of the thermal conduc-
tivity coefficient k of the material to 7,/T,, is, the greater the melting depth Z .«
will be. For the laser characteristics, to improve the melting depth, the relatively
low laser power density shall be adopted because it can take relatively long time to
heat the material surface to 7. Therefore, at the given laser pulse, the laser power
density shall be adjusted so that the material surface can just reach the vaporization
temperature at the end of laser pulse, in order to obtain the maximum melting depth.
Under normal circumstances, the maximum depth of the pure melting of the material
under laser irradiation is about several microns to several hundred microns.

What the shallow melting corresponds to is deep melting which is defined to be
situation where the melting depth is no less than the radius of the light spot. For
deep melting, only equilibrium vaporization occurs at the gas—liquid phase surface,
the vapor is transparent to the laser. The threshold value of the laser power density
causing deep melting of the material under continuous Gaussian beam irradiation is
about:

Ina = 2kT,/(VTaA) (1.15)

During deep melting, the diameter of the weld pool is larger than that of the light
spot. A stable vaporization wellblock with the diameter less than that of the light spot
appears in the center of the weld pool. The vapor in the wellblock has low density,
basically transparent to the laser, so that the laser can directly enter and irradiate on
the gas—liquid interface at the bottom of the wellblock, and then be absorbed. The
absorbed laser energy is used for heat dissipation of the side wall and vaporization
at the bottom. Assumed that the radius of both laser spot and vaporization wellblock
is Ry, the depth of the deep melting can be expressed as:

R2Aly kT,
Z,=—"—|1—exp(——; t (1.16)
kg Ty RiLypy

In the deep melting, the length-diameter ratio of the vaporization wellblock Z,/R;
cannot be too large (generally 0.5 < Z,/R; < 40), or unstable movement may occur
to vapor and solution.

If the laser intensity is relatively high, vaporization at the gas—liquid interface in
the wellblock will exacerbate, and the vapor pressure will rise. The vapor pressure and
vapor reaction can overcome the tension on the solution surface and the solution static
pressure, resulting in appearance of keyholes and transfer of liquid mass. The keyhole
is like black body, which is in favor of absorption of the beam energy, indicating the
“wall focusing effect". Since the laser beam after focusing is not parallel beam, it will
make certain angle of incidence with the keyhole wall. After radiating on the keyhole
wall, the laser beam reaches the bottom of the keyhole after multiple reflection, and
finally be completely absorbed.
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The high-pressure steam in the keyhole pushes the melt to splash out along the edge
of the weld pool or the wall of the vapor well, causing liquid mass transfer. Liquid
mass transfer of this kind will greatly improve the efficiency of some laser processing,
such as laser drilling or laser cutting. The squeezing effect of material vapor is
an important cause of liquid mass transfer. Assuming that the vapor is produced
from equilibrium vaporization at the gas-liquid section, ignoring the momentum
and energy of the vapor, and only taking into consideration the vapor pressure P,
when the vapor pushes the nonviscous incompressible solution layer of a certain
thickness, the work of the vapor will be completely converted into the kinetic energy
of the solution, and the mass of the liquid material transferred from a unit area of
laser beam spot within a unit time at the ambient pressure of Py is the liquid mass
transfer rate r1, of liquid mass, which is

21 T, \1"*
ty = [ qun<T—)] ,03/4[2(Pv — P14 (1.17)

1.1.4 Evaporation of Materials Under Laser Action

It can be seen from the melting of material under laser action, the melting process is
usually accompanied by evaporation of the material. The evaporation mechanism is
closely related to laser power density.

The time from the start of laser irradiation to the material surface reaching the
evaporating temperature 7', is called the evaporation starting time t,, which can be

estimated as
w (kT, 2
ty = — (1.18)
4o AIO

For the metal with a low evaporating temperature, when Al is 10*~10° W/cm?,
t, is about a few milliseconds to microseconds; for the metal with a high evapo-
rating temperature, when Al is 10°~107 W/cm?, ¢, is about a few milliseconds to
several hundred nanoseconds; If ¢, is much less than the width of the laser pulse, the
evaporation of the material surface is considered to start immediately once the laser
irradiates.

When the laser power density is not very high, the evaporation of material is
not drastic, the saturated vapor pressure is balanced with the ambient pressure, and
the velocity distribution of the vapor particle is isotropic, in the Maxwell Distribu-
tion of translational equilibrium. Myriad laser equilibrium evaporation models have
been established by scholars across the world. At present, the theoretical model of
laser evaporation has only qualitative significance, and the quantitative understanding
mainly relies on experiments. In all evaporation pressure formulas obtained with laser
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equilibrium evaporation models, the vapor pressure is considered to be proportional
to the laser power density.

When the laser power density is high, the material evaporation rate increases,
and the vapor pressure increases. When it is significantly higher than the ambient
pressure, the number of particles in the vapor that return to the solution decreases, and
the velocity distribution will deviate from the balanced Maxwell Distribution. The
vapor particles leaving the liquid surface must pass a distance and collide with each
other to reestablish a translational equilibrium. The thin layer above the liquid surface
where the vapor is in the transition from a non-equilibrium state to an equilibrium
state is called the Knudsen layer. In the extreme of strong evaporation, the vapor on
the outer surface of the Knudsen layer flows at the sound velocity, and the vapor
flowing outward is noticeably colder and thinner than the saturated vapor on the
surface of the solution.

Under continuous laser irradiation, the velocity of evaporation front (namely the
receding velocity) rises rapidly from zero to an approximately constant value, and
the evaporation enters a steady state. The establishment time ¢, of a steady state is
related to the steady receding velocity U,. Usually ¢, is dozens of times greater than
ty. For example, when Al is 107 W/cm?, the receding speed of aluminum is about
2.34 m/s, and the corresponding velocity ¢, & 15 ws, while ¢, is less than 0.3 ps.

Due to the action of the vapor pressure, ¢, in Eq. (1.18) should be greater than the
normal evaporating temperature under standard atmospheric pressure. When the laser
power density is between 10° and 10’ W/cm?, the temperature of the evaporation
front of the metal is slightly greater than the normal evaporating temperature. When
the laser power density is between 10° and 10'° W/cm?, the temperature of the
former evaporation front is several times to dozens of times that of the latter. Since
T, increases with the laser power density, it leads to the receding velocity Uy in the
range above 108 W/cm? decreasing with the increase of the laser power density, and
the decrease is more obvious in the range above 10° W/cm?.

The gaseous mass transfer rate 1, depends on the receding velocity, m, = pU,,
and the total gaseous transfer mass is p f U,dt. When the laser power density is
low, the heat lost by thermal diffusion has an obvious influence on U,, and the rate
of gaseous mass transfer is also low. The calculated values of the receding velocity
and gaseous mass transfer rate are usually noticeably different from the experimental
results, which is caused by two reasons. For one thing, it is because the reflectivity,
absorptivity and thermal physical characteristics are all related to temperature and
the actual laser waveform is highly irregular. For the other, it is because that mass
transfer is actually a comprehensive result of various mechanisms, in which the main
part of the transferred mass is composed of the splashed droplets by vapor pressure.

1.1.5 Laser-Induced Plasma and Its Effects

When laser acts on the surface of the material, vapor is induced. The vapor continues
to absorb laser energy, causing an increase in the temperature and eventually forming
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a high-temperature and high-density plasma. A plasma is a mass composed of large
quantities of charged particles (electrons and ions), atoms and molecules, which as a
whole is electrically neutral. There are three main mechanisms of plasma generation
by high power density laser: photoionization, thermal electric ionization and collision
ionization. Photoionization refers to the phenomenon that when electrons in atoms are
irradiated by laser and absorb sufficient photon energy, ionization occurs due to the
photoelectric effect or the multi-photon effect. Photoionization is mainly applicable
to the generation process of initial charge carriers in a relatively cold medium, while
the laser plasma is in a completely ionized state, and therefore photoionization is
not the main mechanism for its formation. Thermal electric ionization refers to that
when the temperature of the vapor under laser action is high enough, the atoms with
high thermal velocities at the high temperature collide with each other, making their
electrons excited, and the energy of some of the electrons exceeds the ionization
potential, which leads to the ionization of atoms. Collision ionization refers to that
charged particles in vapor accelerate under the action of electric field and collide
with neutral atoms, resulting in energy exchange, which enables the electrons in the
atom to acquire sufficient energy to ionize.

The ionization degree of vapor in the thermodynamic equilibrium state is
completely determined by the density and temperature of vapor. In a partially
ionized gas, the energy of the incident laser is absorbed by the thermally excited
atoms through the binding-free mechanism and by the particles through the inverse
bremsstrahlung. Vapor absorbs laser energy and heats up, leading to further increase
in the ionization degree and absorption coefficient. This kind of positive feedback
contributes to the formation of plasma in the vapor.

The plasma absorbs the energy of the laser beam propagating in it through
various mechanisms, which increases its temperature and ionization degree. Inverse
bremsstrahlung absorption is the main mechanism of plasma absorbing laser energy.
Inverse bremsstrahlung absorption refers to that the electrons in a laser electric field
are excited to oscillate at high frequency, and collide with particles with a certain
probability to transfer energy to heavier particles (ions and atoms), thus heating up
the plasma.

The vapor of a metallic material is a monatomic gas, which has a very high
evaporating temperature 7, but a very low ionization potential, so the evaporating
rate of the material is not high. When the vapor pressure is only slightly higher
than the ambient pressure, there are also a large number of free electrons in the
weakly ionized vapor, which can lead to effective inverse bremsstrahlung absorption
of laser. In other words, free electrons in an ion Coulomb field absorb laser energy,
and accelerate or change the direction of motion, thus transferring the laser energy
to ions and heating up the vapor.

When the light intensity is high and the energy absorption rate of the vapor exceeds
its various losses, the vapor ionizes and the number of free electrons increases expo-
nentially with time, making the vapor completely ionized and opaque to the laser. As
the size of the plasma increases by absorbing energy, the power density of the laser
reaching the surface of the material decreases, and therefore the evaporation effect
weakens, resulting in a drop in the density and temperature of the plasma, as well as
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in its absorptivity; conversely, as the absorptivity weakens, the laser power density
reaching the surface of the material increases, and therefore the evaporation effect is
enhanced, resulting in an increase in the density and temperature of the plasma, as
well as in its absorptivity.

The absorption of the laser by the plasma prevents the laser from reaching the
surface of the material, cutting off the energy coupling between the laser and the
material. This effect is called plasma shielding. The ratio of energy absorbed by
plasma to the energy of the incident laser is called plasma shielding coefficient. The
plasma shielding coefficient is related to the laser wavelength. The plasma shielding
effect of a long wavelength laser is stronger than that of a short wavelength laser, and
appears earlier. In laser welding technology, the absorption and scattering of plasma
affect the transmission efficiency of laser and reduce the laser energy reaching the
work piece. Meanwhile, the negative lens effect (refraction) of plasma expands the
area of action of laser energy on the work piece, thus reducing welding quality.

1.2 Principles and Characteristics of Laser Welding

Laser welding is a special fusion welding method in which a focused laser beam with
high energy density (10°~10'> W/cm?) is used as a heat source to heat and melt the
work piece. It is a fusion welding based on the above-mentioned photothermal effect
of the interaction between the laser and the material. Its premise is that the laser is
absorbed by the material and converted into the thermal energy required for welding.
In general, the physical phenomena resulting from laser action on the material surface
vary, including the increase of surface temperature, melting, evaporation, formation
of keyhole, and generation of laser induced plasma (see Fig. 1.2).

These physical phenomena determine the thermal action mechanism of the
welding process, which leads to two laser welding modes: heat conduction welding
and deep penetration welding. The transition of the two modes depends primarily
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Fig. 1.2 Physical processes of laser of different intensities acting on metal surface
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on the power density of the laser spot acting on the material. For some particular
materials, there is a specific threshold of power density. When the power density of
the laser acting on the material is lower than this threshold value, the laser energy is
absorbed by the surface of the material and transferred to the interior of the material
quickly, forming a heat conduction weld with a relatively large width and depth.
However, when the power density of the laser acting on the material is higher than
this threshold value, the laser energy makes the material surface heat up, melt and
evaporate rapidly before the work piece surface can transfer the heat into the material,
and with the continuous input of laser energy, a keyhole in the direction of pene-
trating the thickness is formed. The keyhole, surrounded by a weld pool of liquid
metal, is filled with high-temperature metal vapor and plasma. The expansion force
of the high-temperature metal vapor and plasma acts together with the gravity and
surface tension of the liquid metal around the keyhole to maintain a stable existence
of the keyhole (see Fig. 1.3).

The keyhole moves along the welding direction, and the weld pool behind it
quickly cools and solidifies, forming a deep penetration weld with a large width and
depth, as shown in Fig. 1.4. Therefore, the laser welding mode is closely related to the
laser power density and welding heat input which determine the thermal mechanism.

Laser welding is an extremely complex physical and chemical process, containing
phenomena such as rapid heating, melting, evaporation, ionization, rapid cooling
and non-equilibrium solidification of the material, and involving the formation and
of different states of matter, such as solid, liquid, gaseous and plasma forms and the
complex interaction between them. The welding area is in a dynamic supernormal
thermophysical state, in which the behavior of heat and mass transfer and the process
of non-equilibrium solidification and structure evolution are more complicated than
that of conventional heat source welding. The dynamic behavior of these complex
phenomena has an important influence on the welding quality and the mechan-
ical properties of the joint. Furthermore, the key components to be welded often
have complex three-dimensional shapes, and dynamic working conditions, such as
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weld layout and slight thermal deformation caused by welding process, inevitably
affect the stability of welding process. Therefore, various complicated theoretical
and technical problems are exposed in the welding process. The first one is the
poor welding process stability and repeatability, such as frequent interruptions in
the welding process, which make it impossible to maintain a stable welding in the
whole process. The second one is that the generation mechanism of welding defects
is unclear, and the control technology is not well developed, which lead to negligible
advancement of laser welding. In addition, the performance of laser welding joint
is uneven with poor consistency, which makes the welded structure fail to meet the
demand for functions. These problems seriously affect the application and promotion
of laser welding technology.

1.3 Research on Weld Pool Behavior in Laser Welding

Compared with the conventional arc welding method, the deep penetration laser
welding, which is based on the theoretical basis of keyhole effect, has attracted wide
attention for its high energy density, low heat input, high depth-to-width ratio of
weld, small heat affected zone (HAZ), small deformation, high welding quality, high
production efficiency, flexible control, etc.
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But in the welding process, due to reasons such as multiple process parameters
and complex working conditions, welding quality problems often occur. Especially
in the process of welding thick section structures and large size panels with long
weld joints, it is easy to cause poor welding forming, serious welding defects, or
unstable welding process with frequent interruptions, which affect the qualified rate
of the weldment.

As studies have shown that in any welding process, the main factor closely related
to the quality of the weld joint is the stable existence of a weld pool, and for the deep
penetration laser welding process, the main manifestation is the stable existence of
the keyhole in the weld pool. Therefore, a stable welding process for deep penetration
laser welding is a prerequisite of ensuring the quality of the weld joint, and the basis
for a stable welding process is the stable existence of a keyhole in the welding process.
By observing the deep penetration laser welding process and by dissecting the weld
joints, it is found that the defect of welding quality is often caused by the instability of
the weld pool keyhole in the welding process. Researches have demonstrated that the
main factor closely related to the quality of a weld joint during the welding process
is the stable existence of a weld pool. Based on experiments and researches on the
deep penetration laser welding process, it is revealed that, in the deep penetration
laser welding process, many parameters such as laser welding power, focus position,
welding speed, assembly gap, etc. in existence of the keyhole and in formation and
disappearance of the keyhole affect directly existence state and morphology of the
keyhole. So, the influence of different process parameters on the behavior of the
keyhole under deep penetration laser welding conditions is studied and analyzed to
identify the pattern by which different welding process parameters exert influence
on the welding quality, to create favorable conditions for further realization of the
control over the welding process and quality.

In coping with the issue that the keyhole simulation and the calculation of convec-
tive heat transfer of the weld pool in deep penetration laser welding cannot be
organically combined or that the coupling relationship is extremely complicated,
and with the view of practical application, the research team of the author employs a
method of combining experimental research with computational simulation, on the
basis of works of current mathematical simulation research on deep penetration laser
welding and the energy conservation theory (see Fig. 1.5), in an attempt to build a
heat source model suitable for the finite volume method for deep penetration laser
welding process simulation, and uses FLUENT, a commercial computational fluid
dynamics software, to simulate the basic features of the keyhole formation and the
flow of the weld pool in the laser welding process. On this basis, the interacting flow
field between the side blowing auxiliary airflow and the keyhole jet flow is calcu-
lated, which provides a basic theoretical foundation for improving protection of the
welding area and the quality of weld joints. Applying the basic process theories on
deep penetration laser welding, the hydrodynamics of the weld pool and the stability
of the keyhole are studied jointly from the perspective of weld pool hydrodynamics,
with the expectation of improving the quality of laser welding. The main research
works and achievement are as follows:
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Fig. 1.5 Diagram of energy conservation in deep penetration laser welding process
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Establishment of a mathematical model of volume heat source in deep
penetration laser welding;

Applying basic equations of fluid dynamics to establish a three-dimensional
mathematical model for melting and solidification of weld pool in deep pene-
tration laser welding under action of a moving heat source to simulate the shape
of the keyhole formed by the titanium alloy under different welding heat input;
Based on software FLUENT, applying the finite volume method to study
temperature distribution and velocity distribution characteristics of weld
pool in deep penetration laser welding and verifying the correctness of the
mathematical model through deep penetration laser welding experiment;
Simulating the effective position and size of the velocity field and protected
area under the interaction of the auxiliary side airflow and the keyhole jet near
the keyhole and the weld pool.

Figure 1.6 shows the main contents and their relationship in three aspects of

fluid dynamics research on deep penetration laser welding. The study concludes as
follows:

ey

@

Itis suitable to employ a combined heat source model consisting of the rotating
Gauss heat source and double-ellipsoid heat source to simulate the formation
of the keyhole in deep penetration laser welding of titanium alloy and the flow
velocity field of the weld pool. The body heat source model can reflect the
basic physical process in deep penetration laser welding, and also embodies
the simulation characteristics of the control volume method.

In the process the deep penetration laser welding with full penetration, the
diameter of the keyhole is not very sensitive to the laser power, but the inclined
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Fig. 1.6 Contents of research on fluid flow dynamic behavior in deep penetration laser welding
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angle of the keyhole changes obviously with the increase of the laser welding
speed. The surface tension pressure caused by the curvature of the free surface
of the keyhole has a strong relationship with the welding speed under condition
of constant airflow pressure in the keyhole. With the increase of the welding
speed, the stability of the keyhole decreases gradually.

The flow velocity above the surface of the weld pool in deep penetration laser
welding is the largest, and Marangoni force plays a dominating role in convec-
tive heat transfer on the surface of the weld pool. Under the action of the moving
heat source, the Marangoni flow evolves from symmetrical shape around the
laser heating center to tadpole shape where the long axis of the weld pool is
parallel to the welding direction. In a velocity “virtual” circle, on the surface
of the weld pool, with half of the width of the weld pool as the radius, the flow
velocity of the weld pool is relatively large, and outside the “virtual” circle,
the flow velocity of fluid in the weld pool decreases gradually. Inside the weld
pool, the fluid flow velocity is significantly lower than that on the surface of
the weld pool, but much larger than the welding speed. The flow velocity value
of fluid on the back side of the weld pool is larger than the flow speed value of
metal inside the weld pool.

The shape and size of the weld pool correspond well with the size and position
of the flow velocity vortex in the weld pool. The weld pool vortex is the result
of the combined action of the counter forces of Marangoni flow and the solid—
liquid interface, with buoyancy and gravity only playing an auxiliary role.
The existence of the fluid flow vortex in the weld pool greatly enhances the
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convective heat transfer between the high temperature metal fluid and the cold
fluid, and directly affects the size and shape of the weld pool.

The parameter of side blowing auxiliary airflow in deep penetration laser
welding is one of the main factors in determining the size of the weld pool
protected area and in reducing emission of plasma plume from the keyhole.
Increasing the flow velocity near the plasma plume is conducive to convective
heat dissipation, and in turn enhances the probability of recombination between
plasma positive ions and negative ions, therefore facilitating the improvement
of welding quality. There is a relatively large difference between the compo-
nent flow field with helium as the auxiliary airflow and the flow field with argon
as the auxiliary airflow. From the perspective of the size of the protected area,
helium protection is better than argon protection.



Chapter 2 ®)
Model of Quasi-Steady Weld Pool oo
Dynamics and Numerical Simulation

2.1 Introduction

Laser welding is a joining process in which a focused laser beam is coupled to the
surface of a material to be welded to generate heat and melt the material. The welding
process can be optimized in three aspects: determining a set of process parameters
which make the welding process basically stable and are reproducible; monitoring
the changes of various parameters in the welding process to ensure the quality of the
joint; real-time control of the parameters of the laser welding process.

The instability of laser welding is its intrinsic characteristic. The instability is
caused by fluctuation of parameters in four aspects during the laser welding process,
including the fluctuation of laser output parameters, the effect of changing plasma
flow at the exit of the keyhole on the incident laser beam, the dynamic instability of the
weld pool motion, and the instability of the vapor flow in the keyhole. The interaction
of these parameters makes the laser welding process extremely complicated. Hence,
the basic point of departure is to simplify some complex parameters, ignoring the
influence of some minor factors, to study the influence of the laser welding parameters
on the temperature field and velocity field of the weld pool in quasi-steady state by
numerical simulation.

The steady state refers to a state in which the weld pool does not change with time
under certain conditions. The quasi-steady state means that the temperature field and
velocity field of the laser welding pool do not change with time, but the instantaneous
quantities are changing at all times. The “Quasi” means that although the degree is
not completely enough, it can still be regarded as a certain kind of thing, that is, it is
close to a stable state but still unstable.

In any welding process, the main factor closely related to the quality of the weld
joint is the stable existence of a weld pool, and for the deep penetration laser welding
process, the main manifestation is the stable existence of the keyhole in the weld
pool. Experiments and researches on the deep penetration laser welding process
have shown that, in the deep penetration laser welding process, many parameters
such as laser welding power, focus position, welding speed, assembly gap, etc. in
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existence of the keyhole and in process of formation and disappearance of the keyhole
affect directly the existence state and morphology of the keyhole.

This chapter takes titanium alloy laser welding as the research subject, focusing
on research of the temperature field model in the quasi-steady state in laser keyhole
welding, the fluid dynamics model of the weld pool in quasi-steady state and the
solving techniques, distribution of the welding temperature field and of the velocity
in quasi steady state.

2.2 Basic Models of Quasi-Steady Laser Welding

When the energy density of the focused laser beam is greater than 10° W/cm?, the
metal is melted rapidly and evaporated and gasified. The strong evaporative recoil
force pushes out the melted metal around it, forming a keyhole in a very short time.
The keyhole is surrounded by molten liquid metal. Under the action of pressure
gradient, the metal fluid in the front of the keyhole flows from both sides of the
keyhole to the back of the weld pool, as shown in Fig. 2.1. After the welding heat
source has left its original position, the metal in the weld pool is cooled to form a
weld, which connects the metals together. The flow of metal in weld pool will affect
directly the quality of welded joints. It is very important to simulate the energy input
of laser welding and the heat transfer of welding pool for accurately predicting the
transient temperature field and further studying the microstructure, properties, stress
and strain of the joint.

Fig. 2.1 Schematic of deep Laser Beam
penetration laser welding

Base Metal

A

Keyhole Weld Pool

Vo X

Welding Direction
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2.2.1 Governing Equations of the Flow and Heat Transfer
in Quasi-Steady Laser Welding

The governing equations of the main variables (velocity, temperature, etc.) that need
to be solved in the flow and heat transfer problems can be expressed in the following
general forms:

@ + div(p?f(p) = div(T,gradg) + S, 2.1)

where: p—General variable;

U —Cartesian coordinate velocity component u in the x direction, v in the y direction,
and w in the z direction;

I'y)—General diffusivity;

S,—General source term, including Darcy source term of the mushy zone of
momentum conservation equations, Boussinesq buoyancy source term, internal heat
source term and latent heat source term in the energy equation;

p—Density of material.

Suppose m; represents the mass component of chemical composition /. If we have
speed U, the conservation equation of m; can be expressed as follows:

B -
% + div(pm;U) = div(I";gradm;) + R, 2.2)

where: R,—Productivity of composition / per unit volume, (kg/s m®);
I",—Diffusion coefficient of composition /.
In Eq. (2.1), the expressions of Darcy source term and buoyancy source term are
as follows:

—
Sy = =% U +pBs(T —To) (2.3)

where: K—Permeability, calculated by Karman-Kozeny equation;
po—Density of material at reference temperature;
B—Thermal expansion coefficient of representative material;
g—Gravitational acceleration;
T)—Reference temperature.
Karman-Kozeny equation is expressed as follows:

)’

= 2.4
Di(1— f)? @

where: f;—Liquid fraction;
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D;—the Darcy constant associated with the liquid fraction.

In liquid phase zone, f; = 1; in solid phase zone, f; < 1; in mushy zone,
0< fi<l1.

The expression of latent heat source term in Eq. (2.2) is as follows:

o(fiLn,
STz_p%_

pv<7f ﬁLm) (2.5)

where: L,,—Latent heat of fusion of the material;
- .
U —Velocity vector.

2.2.2 3D Mathematical Model of Deep Penetration Laser
Welding Under Moving Heat Source

2.2.2.1 Governing Equations of Quasi-Steady Deep Penetration Laser
Welding Under Moving Heat Source

Continuity equation:

d(pu)  d(pv) | d(pw)
ox + dy + dz

0 (2.6)

where: u, v, and w—Cartesian coordinate velocity component in the x direction, in
the y direction, and w in the z direction in that order for the flow of heat or fluid a
weld pool;

p—Density of weld pool or solid metal.

Energy equation:

o )BT n oT n oT
U—vy)— +v—+w—
PEp ax ay 9z

a oT a oT
=—\r—)+—(21r—
dx \ ox ay \ dy

| oT
+ —(Ar— )+ Sk, y,2)
0z 0z

— i(,ouAH) — i(/ovAH) — i(/owAH) 2.7)
0x ay 0z

where: v,, = Welding velocity;
T—Temperature;
A—Thermal conductivity of materials;
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S(x, y, z)—The internal heat source term in welding;
A H—Latent heat during phase transition.
Momentum equations in the x direction

8(,ouu)+3(puv) N d(puw) _ _B_p ] ( 814)

ox ay 0z ax  ox “5
n ad ou n d ou
ay ”“ay 9z Maz
m
— (U — uy 2.8
K(u Uw) (2.8)

Momentum equations in the y direction

ax ay 0z ay ax Max

n d av n d v nw (2.9)
—(u— —|u—)—=v .
dy “ay a0z \" oz K

Momentum equations in the z direction

8(,ovu)+8(pvv) n d(pvw) _ _B_p d ( %)

d(pwu) n d(pwv) n d(pww)

ax ay 0z
ap d ow d Jw
= E )t (5
ad Jw 7
+ a?(“%) -V + pgB(T — Trer) (2.10)

In Egs. (2.8)—(2.10):

p—pressure;

u—Tliquid viscosity;

K—permeability;

B—the thermal expansion coefficient of material;
g—agravitational acceleration;

T ,.s—reference temperature (300 K).

2.2.2.2 Boundary Conditions

The computational domain of laser welding is symmetrical along the welding center-
line. The symmetrical plane coincides with the center line of the weld. The pressure
inlet and outlet of the fluid reflect the characteristics of the main flow direction,
which is mainly affected by the welding direction. The upper and lower surfaces
of weld pools are free surfaces, and surface tension plays an important role. In the
quasi-steady state, the center subject to the laser heat source is located at the origin
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Fig. 2.2 Computational domain for deep penetration laser welding

of the coordinate. hl is the demarcation line of the combined heat source. h is the
maximum depth of the keyhole and also the thickness of the welded material when
the laser keyhole welding is fully penetrated, as shown in Fig. 2.2. In order to save
computing time, half of the sheets is selected for numerical simulation, given the
symmetry between the temperature field and flow field along the welding center
line. In Fig. 2.2, R is the computational domain radius, I, _us, I'p_inie: are the fluid
outflow and inflow boundaries, respectively, I';,,, is the symmetric boundary, T';,,
is the upper surface boundary, and I',,ss0, 1S the lower surface boundary.

The convective heat loss per unit area of the upper surface of the workpiece is
expressed by the following formula:

ge = he(T = Trer) 2.11)

In this equation:

g.—Convective heat flux;

h.—Convective heat transfer coefficient.

To determine the convective heat transfer coefficient 4., it is necessary to define
the feature length L of the workpiece.

L=4 (2.12)
=3 .

where: A—the surface area of workpiece;
P—the perimeter.
The corresponding Nusselt number is as follows:

N, =0.27 - R,*% (2.13)

where Ra is the Rayleigh number. It can be expressed as:
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8B
Ra:E#%T—n@ (2.14)

where: g—Gravitational acceleration;
B—Thermal expansion coefficient of material;
A—Thermal diffusivity of material;
n—The kinematic viscosity of gas flow around workpiece.
For the definition of other parameters, refer to Egs. (2.7), (2.10), and (2.12).
The convective heat transfer coefficient /. on the workpiece surface is calculated
by the following formula:

2.15)

In this equation:
kqi»—The heat conductivity of gas flow around workpiece.
The heat loss flow g, per unit area caused by radiation is calculated as follows:

qr = €0 (T4 - Ta4mb) (2.16)

where: e—The emissivity of materials on surface;
o—The Stefan-Boltzmann constant, 5.6697 x 1078,
The upper surface of weld pools:

du 3y aT

ou 0y oT 2.17
Rz = 7T ox 2.17)

In this equation:
g—;—The temperature coefficient of surface tension of weld pool.

uz_z—_g_;g_z,wﬂ (2.18)
In solid zone:
U=v,,,v=0,w=0 (2.19)
The lower surface of weld pools:
(e ot 220
v _ _dyodr 2.21)

oz =™ "ar ay”
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In the symmetry plane:

u 9 aT
M _0v=0"=0 (2.22)
dy  dy ay

2.2.3 Heat Source Model in Deep Penetration Laser Welding

The Gauss heat source model is suitable for most finite element simulations that do not
combine the convective heat transfer of weld pool with pore simulation organically.
In these simulations, however, the model describes surface heat source and body heat
source quite differently. Surface heat source only acts on the surface element of the
workpiece, while body heat source is applied to some elements inside the workpiece.
Considering the gradual attenuation of laser beam energy in the direction of plate
thickness during deep penetration laser welding, Wu Su et al. [27] of Tsinghua
University proposed a Gauss rotating heat source model:

q (x,y,2) = q(0, 0)exp i(x2 +y?) (2.23)
rotary\\\s )V 5 loglO(fl:) .

In this equation, ¢ (0, 0) is the maximum heat flow intensity at the exit of rotating
body heat source. It is expressed as follows:

3(1 - X)anQtotal
mh(l— %)

q(0,0) = (2.24)

where: ¢,—The concentration coefficient of heat flow distribution on this section
(1/m?);

h—The height of body heat source (m);

Q:0rai—The power of the heat source;

n—The effective absorption coefficient of laser beams;

x—The distribution coefficient of the heat flow of body heat source.

The disadvantage of the above body heat source model is that the energy attenu-
ation rate in the thickness direction of the plate is too fast to fully reflect the energy
distribution in the whole process of deep penetration laser welding. The double
ellipsoid model proposed by Goldak from Canada takes into account the influence
of welding speeds on heat flux distribution. The energy distribution in the direction
of plate thickness can reflect the attenuation of laser beam energy [28], that is

6«/§'7X Qtotal x2 y2
qdoublefellipmidal(X, Yy, Z) = Wexp _3(1_2 eXp _3ﬁ (225)
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where: a, b—The half-axis lengths of the double ellipsoid model in the x and y
directions, respectively. The focal radius of laser beam is used.

c—The half-axis length of the double ellipsoid model in the z direction. The
effective depth of heat source is used.

Therefore, the study proposes the rotating Gauss heat source in the upper part of
the workpiece and the double ellipsoid heat source model in the lower part of the
workpiece. The body heat source mode means that the heat flow acts directly on the
metal inside the material, enabling the keyhole to form rapidly. These keyhole effects
are considerably different from those produced when heat source acts only on the
surface of the metal surface. As far as the physical nature of heat transfer in deep
penetration laser welding is concerned, the combination heat source is the progress
and development of the combination heat source composed of surface heat source
and columnar heat source.

2.3 Implementation of Numerical Solution

2.3.1 Upwind Scheme

The upwind scheme appeared in the 1950s and has been developing ever since. It was
initially proposed by Courant, Issacson and Rees, and later on, was re-expounded by
Gentry, Martin and Daly, Barakat and Clark, Runchal and Wolfsh-tein, etc. It gives
full consideration to the influence of the flow direction on the derivative difference
calculation formula and the function value-taking method on the interface.

(1) Definition of Taylor expansion method

As shown in Fig. 2.3, in the direction of flow, the first derivative of point P is always
the backward difference in that direction. That means the information necessary to

{ [I —_—
=1 I I 1=l
" P I . i .
<)
|.. 0 —
(dx) ., (dx) J—
(a) Construction of upwind scheme (b) Construction of upvyind scheme based
based on Taylor expansion method on control volume integral method

Fig. 2.3 First-order upwind difference scheme
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form the first derivative is always obtained from the upstream, the formula expression
is

dy @i — Qi
Ll =2 >0 2.26
|:dx:|i dx = (2:26)
de Pit1 — @i
I = Ju; <0 2.27
|:dx:|i dx = 227

(2) Definition of control volume integral method

The value of variable @ on the control volume interface is defined as follows (see
Fig. 2.3b):

On interface e: u, > 0, ¢ = pp; u, <0, ¢ = pg (3.28a).

On interface w: uy,, > 0, ¢ = @y; Uy > 0, ¢ = @p (3.28b).

That is to say, the unknown quantities on the interface always take the values at
the upstream node while the central difference takes the arithmetic mean of those
at the upstream and downstream nodes, and this is the basic difference between the
two schemes.

(3) Meaning of false diffusion

The false diffusion is defined as a phenomenon of relatively large numerical calcu-
lation error for the reason that the truncation error of the discrete scheme obtained
by the first derivative term of the convection—diffusion equation is smaller than the
second order.

The partial difference of the first derivative term is the cause of the false diffusion.
From the characteristics of the physical process itself, the effect of diffusion always
reduces the change rate of the physical quantity, which in turn makes the whole field
uniform. In a discrete scheme, the presence of false diffusion exacerbates the extent
to which the results of numerical solutions deviate from the true solution. The greater
the degree of false diffusion, the more serious the deviation. Where the first term of
the truncation error of a discrete equation is an even-order spatial derivative, the error
of the numerical calculation result features diffusion property; where the first term
of the truncation error is an odd-order spatial derivative, the error features dispersion

property.

(4) Second-order upwind scheme

The second-order upwind scheme can be employed to overcome the shortcomings
of the first-order upwind scheme while taking advantage of the benefit of the upwind
scheme.
For the evenly divided grid shown in Fig. 2.4, the second-order upwind scheme
is defined as
8(/) ~ Uu;

e m@%‘ —4@i_1 +i2),u; >0 (2.29a)
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Fig. 2.4 Illustration of second-order upwind scheme
8<p u;
i —( 3¢i +4¢it1 — @it2), ui <0 (2.29b)

The interface interpolation of the second order upwind is defined as follows (taking
@,, for example)

ow = L.5¢w — 0.5¢pww, uw >0
0w = 1.5¢p — 0.5¢g, uwy <0 (2.30)

When the convection term adopts the second-order upwind scheme and the diffu-
sion term adopts the central difference scheme, the obtained discrete equation has a
second-order precision truncation error.

(5) QUICK scheme

The QUICK scheme improves the truncation error of the scheme by increasing the
interpolation function on the interface.

A curvature correction rate correction method introduced by Leonard based on
piecewise linear interpolation for the quadratic upwind scheme is

optoe 1

Qe = 5 8Curv (2.31)

where symbol Cury represents the correction of curvature.
QUICK is the English abbreviation for “Quadratic Upwind Interpolation of
Convective Kinematics”. “Quadratic” is relative to linear interpolation (“primary”);
“upward” means that the curvature correction Curv is always composed of two points
on both sides of the curved interface and another point in the upward direction. The
QUICK scheme of the convection term has a third-order precision truncation error,
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but the diffusion term still uses the central difference scheme of the second-order
truncation error.

2.3.2 Staggered Grid Method

The methods for establishing discrete equations include Taylor expansion method,
polynomial fitting method, control volume integral method, balance method, etc.;
and the three difference methods that are often used include forward difference,
backward difference, and center difference. The Taylor expansion method and the
polynomial fitting lay more stress on mathematical derivation, mainly by replacing
the derivatives in the governing equations with corresponding difference expressions
to form discrete equations. The control volume integral method and the balance
method lay particular stress on the physical point of view, and the physical meaning
is clear. Currently, popular commercial software such as PHOENICS, FLUENT,
STAR-CD, CFX, and FLOW-3D are developed based on the finite volume method.

There are two key problems in solving the nonlinear Navier-Stokers equation: one
is that the discrete form of momentum equation may fail to detect the unreasonable
pressure field when the pressure gradient term is discretized by using the conventional
grid and central difference method; the other is how to construct an equation for
calculating the pressure improvement value when the relationship between pressure
and velocity is implicit in the continuity equation. The two key problems mentioned
above are related to the dispersion of the pressure gradient and the solution of the
pressure, collectively referred to as the “coupling problem of pressure and velocity”.
If a waveform pressure field is obtained by a numerical solution, it is called decoupling
between pressure and velocity. To overcome the decoupling between pressure and
velocity, a staggered grid may be used.

The staggered grid means different grids are used for different variables. There
are three types of grids in the two-dimensional SIMPLE algorithm (semi-implicit
method for pressure-linked equations): the main control body grid, the control body
grid of x-direction velocity u and the control body grid of y-direction velocity v.
The main control body grid is suitable for pressure and scalar equations including
temperature and concentration. The control body for equations of velocity u and v is
dislocated from the main control body in spatial position.

Such a staggered grid for velocity component was first adopted by Harlow and
Welch in their MAC methods, and then applied to other methods developed by
Harlow and his colleagues, forming the basis of the SIVA program of Caretto, Curr
and Spalding and the basis of the SIMPLE program of Patankar and Spalding.

To solve the incompressible Navier-Stokers equation, the technique of the stag-
gered grid is needed when the central difference method is used to discretize partial
differential equations.

A staggered grid has two important advantages: the staggered grid can avoid the
situation that the wave velocity field satisfies the continuity equation. The pressure
difference between two adjacent grid nodes becomes the natural driving force of the
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velocity component between two grid points, and the establishment of the relationship
between pressure gradient and velocity creates conditions for the iterative solution.
A staggered control volume of the x-direction momentum equation is shown in
Figure 2.5a. The difference pp-pg can be used to calculate the pressure resultant
force acting on the control volume of velocity u.
The discretization equation for u, is as follows:

ity =Y dupliny + b+ (pp — pr)Ae (2.32)

The momentum equations in other directions can be processed in a similar way.
Figure 2.5b shows the control volume of the y-direction momentum equation. It is
misplaced in the y direction. The discretization equation for v,, can be written as:
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Fig. 2.5 Schematic diagram of control volume of staggered grids in three different directions
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ayVp = Zanbvnb +b+ (PP - pN)An (233)

where: (pp—py) A,—corresponding pressure resultant force.

The shadows in the figure indicate the control volume, the short arrows indicate
the positions of u, v and w, and the main grid points are indicated by small black dots.
Relative to the main grid point, the position of « is only misplaced in the x direction.
In other words, whether the position of u is exactly at the midpoint between two
grids is related to the method of defining the control volume. The position of ¥ must
fall on the surface of the control volume, independent of whether the surface of the
control volume is at the midpoint between the two grids.

Figure 2.5c shows the control volume of the z-direction momentum equation. It
has a half step displacement in the z direction. The discretization equation for velocity
component w is as follows:

anwy =Y AWy + b+ (pp — pr)A, (2.34)

Figure 2.5d is the control volume of pressure. Obviously, velocity u exists at the
east—west interface of the control volume of pressure, velocity v exists at the south-
north interface of the control volume of pressure, and velocity w exists at the upper
and lower interfaces of the control volume of pressure.

2.3.3 Pressure Correction Method for Solving Navier-Stokers
Equation

2.3.3.1 Basic Idea of Pressure Correction Method

In essence, the pressure correction technique is an iterative method, in which only
some new physical reasoning methods are used. The purpose is to build a bridge to
solve the next iteration from the results of the last iteration.

This method is suitable for solving incompressible viscous flow problems. It
specifically includes the following contents:

(1) Assume a pressure field, denote it as p*, and start the iteration.

(2)  Substitute the already known p* into the momentum equation to solve the
values of the velocity u, v, and w. Since the values of these velocities are
calculated according to p*, they are denoted as u*, v¥*, and w*.

(3) u* v* and w* are obtained according to the predicted pressure, so they do not
necessarily satisfy the continuity equation. Form a pressure correction value
P’ by using the continuity equation. (p* + p’) may be more consistent with the
continuity equation. The pressure correction formula is:
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— p* !
p=p +tp
The corresponding velocity correction formula is:

,
u=u"+u
v=v"+v

. ,
w=w +w

where, the velocity correction equations are respectively:

Therefore, the improved velocities are:
e = u +de<p'p - p;g)
vy = v} +dn(p}) — p’N)

w, = w} +df(17}a — P})

33

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)

(4) Give a new pressure value to the formula (2.35), return to step 2, and repeat each
step until the velocity field satisfying the continuity equation is obtained. When both
the continuity equation and the momentum equation are satisfied, the obtained flow

field is the correct result.

2.3.3.2 Pressure Correction Equation

The pressure correction value is determined by the pressure correction equation.
The condition that the pressure correction value shall meet is that the velocity
field improved according to the pressure correction value can satisfy the continuity
equation. The improved velocity is substituted into the continuity equation, and the

following pressure correction algebraic equation is obtained
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appp = agpp +awpy +anpy +asps+arpr +agpp+b (245
where

ag = pd, AyAz (2.46a)

aw = pdyAyAz (2.46b)

ay = pd,Az7Ax (2.46¢)

as = pd;AzAx (2.46d)

ar = pd; AxAy (2.46e)

ap = pdpAxAy (2.46f)

ap =ag +aw +ay +as +ar +ag (2.46g)

= [(ou*), — (ou*),]AyAz + [(0v*), — (pv¥), |AzAX
+ [(pw™), — (ow"),]AyAx (2.46h)

2.3.4 SIMPLE Algorithm

Patankar proposed a SIMPLE algorithm to solve the fluid flow and heat transfer
problem, namely the semi-implicit method for pressure-linked equations.
The calculation steps for the SIMPLE algorithm are as follows:

(1) The staggered grid is shown in Fig. 2.6. The real points of the main grid are
the nodes of the predicted pressure value (p)”, and the virtual points represent
the grid points of the velocity values (pu*)™ and (pv*)".

(2) The (pu*)™" and (pv*)"*! are respectively solved from the following equations

At

x\n+1 *\" * *
(pu™)ig1y0; = (0U") 14y + ATAL = A—x(pl.ﬂ,j) (2.47)
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(3)  Substitute the obtained (pu*)™*! and (pv*)"*! into the formula (2.45) to solve
the pressure p’.

(4) Calculate p™! according to formula (2.36).

(5) Solve the momentum equation again using p™*! obtained from the fourth step,
use the p™! as a new (p)" and substitute it into the formula (2.42)—formula
(2.44), then return to the second step, and repeat the second to the fifth step
until the convergence.

To avoid the dispersion of solutions, the under-relaxation iteration is often
performed, and the formula in the fourth step is replaced by the following formula:

P =M +a,p (2.49)

Among them, a,, a,, and a, are respectively the under-relaxation factors of the
pressure correction equation, the velocity u correction equation, and the velocity v
correction equation.

At
(P“*)?ill/z,j = u (W*)?H/z,j +ATAL - E(p;kﬂj) (2.50)
s\nt+1 _ *\ 1 B*A—ﬂ * % 2.51
(pv )i,j+1/2 = o, (pv )i,j+1/2 + ' Ay (Pi,j+1 Pi,j) 2.51)

2.3.5 Programming and Solving

The UDF (User Defined Function) is written and compiled by the user of FLUENT.
The original program of FLUENT is inserted into the UDF, and the use function of
FLUENT is added to the UDF to meet users’ need of special problem simulation.
UDF is often used to customize boundary conditions, define the relationship between
thermophysical properties and temperature of materials, and add the source terms of
momentum equation or energy equation.

When the material characteristic parameters are updated, different heat source
intensities are given in subsection by using the body heat source mode, that is,
along the incident direction of the laser beam, the energy of laser beam is gradually
attenuated by combined action of Fresnel absorption and inverse bremsstrahlung
absorption when the laser enters the keyhole. The attenuation law is described by
two heat source modes: In the upper part of the workpiece thickness (4 > h;), the body
heat source is in the rotating Gauss mode, and in the lower part of the workpiece (h <
hl), the body heat source is in double-ellipsoid heat source mode. The requirements
of UDF program are written according to FLUENT, and the calculation program of
heat source model is compiled in C language. Considering the complexity of the
relationship between the thermophysical property parameters of titanium alloy and
the temperature, when writing the program, the changes of the fluid viscosity of
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weld pool and the thermal conductivity of the material during deep penetration laser
welding are neglected.

After inputting material parameters and determining the melting/solidification
model, the calculation program of the body heat source is added to the energy equation
through the user-defined function. After defining the boundary conditions, a solution
method is selected for iterative calculation.

The separation solution algorithm in the separation solver means that the equations
are independent of each other in the process of sequentially solving each equation
in the governing equations. Because all the equations in the governing equations are
nonlinear, several cycles of loop iteration are needed to make the solution converge.
Each iteration loop consists of the steps shown in Fig. 2.7. The specific steps are as
follows:

(1) Given the initial conditions of calculation, update the material parameters.

(2) By using the current pressure values and mass flow on each surface of each
calculation unit, calculate the momentum equations of u, v, and w by turns to
obtain new values of the velocities, i.e. values of u, v, and w, which meet the
current conditions.

(3) Since the values of all velocities obtained in the first step may not satisfy
the continuity equation, it is necessary to derive the Poisson type pressure
correction equation from the continuity equation and the linearized momentum

Update material characteristic
parameters

l

Solve the momentum equations in the x, y
and z directions successively and obtain
the values of velocity u, vand w

!

Solve the pressure correction (continuity)
equation, and update the pressure and
mass flow of each surface

!

Solve the energy equation, concentration
equation, turbulent equation and other
scalar equations

Converge or
not?

No

End iteration and output results

Fig. 2.7 General steps of problem solving
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equations. Solve the pressure correction equation and obtain the necessary
pressure correction values so that the velocity field and the mass flow on each
face satisfy the continuity equation.

2.4 Physical Properties and Calculation Parameters

The established three-dimensional mathematical model of laser welding keyhole
formation and weld pool flow process is used for numerical simulation of the welded
workpiece of TC4 titanium alloy with a radius of 0.015 m and thickness of 0.025 m.
The thermophysical property parameters of TC4 alloy are shown in Table 2.1. The
CO; laser is used for welding, the focal radius of the laser is 0.2 mm, and the focal
plane is on the upper surface of the workpiece. According to the characteristics
that welding heat transfer is from the heat source center to the periphery, the selected
computational domain is circular. The size of the computational domain is determined
according to the range of thermal effect. Considering the symmetry of the welding
temperature field and the flow field, only a semicircle with a radius of 0.015 m is
taken in the calculation. For the mesh generation of the computational domain, the
change of welding heat flow direction and the temperature gradient is considered.
After discretization, the number of hexahedral elements is 6 x 10%, and the partial
enlarged drawing of the grid is shown in Fig. 2.8.

Table 2.1 Thermophysical property parameters of material TC4 used for heat flow calculation of
deep penetration laser welding

Name Symbol Numerical Value
Liquidus temperature/K TL 1974
Solidus temperature/K Ts 1966
Vaporization phase line temperature/K Tv 3591
Density of solid phase/(kg~m*3) S 4500
Density of liquid phase/(kg-m~3) oL 4100
Specific heat capacity of solid phase/(J-kg~!-K~1) Cps 520
Specific heat capacity of liquid phase/(J-kg~!-K~!) CpL 743
Thermal conductivity of solid phase (W-m~1.K~!) ks 32.5
Thermal conductivity of liquid phase (W-m~1.K~1) kr 325
Viscosity/(Pa-s) n 34E-3
Surface tension temperature coefficient/(N-m~!-K~1) Z—‘; —0.28E—3
Latent heat of melting/(J-kg™") Ly 0.389E+5
Thermal expansion coefficient/(K~") B 1.1IE-5
Ambient temperature/K T sur 300
Surface tension/(N-m~ ") o 1.6
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Fig. 2.8 Temperature field numerical simulation grid for deep penetration laser welding process

Table 2.1 shows the basic parameters of the heat source model during simulation
of the keyhole and weld pool in the process of deep penetration laser welding.

2.5 Effect of Welding Speed on Keyhole Profile

2.5.1 Temperature Distribution in Deep Penetration Laser
Welding of Titanium Alloys

2.5.1.1 Computational Hypothesis

(1) The free surface of weld pool is flat.

(2) The weld pool fluid is incompressible Newtonian fluid.

(3) The flow pattern of molten metal is laminar flow.

(4) Buoyancy calculation is based on the Businesk hypothesis.

(5) The node above the material boiling point is regarded as the gasification equiv-
alent point, and the region above the boiling point is regarded as the gasification
evaporation zone. The material gasified can be keyhole in the weld pools.

(6) Quasi-steady state condition is met.

(7)  The influence of the upper and lower surface airflow on the temperature field
is not considered.
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2.5.1.2 Computational Results and Analysis

The TC4 titanium alloy with radius 0.015 m was calculated by using the estab-
lished three-dimensional laser welding process dynamics model. Because the ther-
mophysical properties in the high temperature region cannot be obtained, and the
data obtained by extrapolation method cannot accurately reflect the essential charac-
teristics of materials, the thermophysical parameters in the high temperature region
of numerical experiments are all taken as constants. The laser processing parameters
used in numerical experiments are as follows: the laser power is selected between
1600 and 3000 W, and the welding speed is selected between 0.025 and 0.070 m/s.

Figures 2.9 and 2.10 show the temperature distribution on the upper surface of the
workpiece and the temperature gradients before and behind the welding heat source.
In Fig. 2.9, the positive direction of x axis is the moving direction of the workpiece.
As can be seen from Fig. 2.9, the temperature near the center of the heat source
is 3510 K, the shape of the temperature profile is like an ellipse, and the long axis
of the ellipse is parallel to the welding direction. It is easy to infer that the outlet
of the keyhole has the same characteristics. From the distribution characteristics
of the isotherms, the isotherm in front of the keyhole has a considerably higher
density than the isotherm at the back of the keyhole. In Fig. 2.10, the temperature

235

2.0

width / mm

length / mm

Fig. 2.9 Temperature distributions in the XOY plane at upper surface of the piecework during deep
penetration laser welding
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Fig. 2.10 Temperature distribution around the heat source at top surface

distribution illustrates the characteristics of temperature gradient before and behind
the keyhole in deep penetration laser welding. Most of the isotherms are elliptical,
which indicates that the heat flow has obvious directivity. Figure 2.10 shows that
in the front of the heat source, the temperature rises from 300 to 3500 K at the
heating stage. The difference of heat flux density between the front and the back of
the keyhole is the driving force of heat flow from the front of the keyhole to the back
of the keyhole. Heat flow has obvious directional characteristics, which will directly
affect the crystallization direction of weld metal and the shape and size of weld cross
section.

Figure 2.10 shows that on the left side of the origin, within the range of -0.0015—
0.00 m, the maximum temperature variation is 3200 K, and the maximum temperature
gradient is about 1280 K/mm. Each small dot in the figure represents a position on the
surface of the workpiece. A lower temperature point indicates a greater distance of the
dot towards the heat source. The temperature changes from the location of the highest
temperature to the position of 0.015 m are about 2300 K, and the corresponding
temperature gradient is 153.3 K/mm. Within this temperature range, it belongs to the
solidification and crystallization stage of the weld pool.

Figure 2.11 shows the temperature field of deep penetration laser welding of
XOZ section and the shape and size of keyhole. In deep penetration laser welding,
the keyhole is asymmetrical, and the diameter of keyhole decreases gradually from
top to bottom. The temperature field near the keyhole reflects the characteristics of
higher isotherm density in front and looser isotherm density behind keyhole. After
comparing the temperature field range of thickness direction, it is found that the
temperature field range of the upper surface of the workpiece is obviously larger
than that of the bottom of the workpiece, while the isotherm of the waist is more
concentrated.
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Fig. 2.11 Temperature distribution and the keyhole shape and its size in XOZ plane

Figure 2.12 shows the temperature field of laser welding of TC4 titanium alloy
cross section and the geometry of laser keyhole. It can be seen that the keyhole is
bilaterally symmetric, but in the direction of thickness, the size of the keyhole gradu-
ally decreases. The keyhole resembles a trumpet in appearance. Its outlet diameter is
about 1.4 mm on the upper surface of the workpiece and about 0.3 mm on the lower
surface. The size of the keyhole is affected mainly by the power of the incident laser
beam, the welding speed and the convection velocity of the weld pool. It can be seen
from the experimental observation that the power of incident laser beam is affected
by the plasma flow emitted by the keyhole, and the size and position of the keyhole
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Fig. 2.12 Temperature field and corresponding keyhole dimensions in the YOZ plane of the laser
beam centerline
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are constantly changing. Similarly, in the thickness direction of the workpiece, the
energy of the laser beam is gradually attenuated due to the interaction of the Fresnel
absorption of the keyhole wall and the inverse bremsstrahlung absorption of the
plasma in the keyhole. This energy attenuation is the direct reason for the gradual
reduction of the keyhole size in the direction of workpiece thickness. In the case of
full penetration, the upper and lower surfaces of the weld pool are free surfaces, and
Marangoni convection strengthens the convection of the weld pool. Therefore, the
range of heat flow action at the upper and lower surfaces of the workpiece shown
in Fig. 2.12 is larger than that at the middle of the workpiece. The asymmetry of
the action range of heat flow in Figs. 2.11 and 2.12 are the final results of the direct
influence of welding speed on the direction of flow and heat transfer in weld pool.

2.5.2 Effect of Welding Speed on Keyhole Size

Laser keyhole welding involves many technological parameters, such as focus
position, laser power, laser beam quality, welding speed, and auxiliary gas flow.

Figure 2.13 shows the temperature field in the XOZ plane. The figure shows the
upper and lower outlets of the keyhole. Obviously, the laser power density at this
time has been able to ensure the penetration through the titanium alloy plate, that
is, the keyhole is a penetrating keyhole. From the position of the upper and lower
outlets of the keyhole, the keyhole has a certain inclination, and the lower outlet of
the keyhole is offset to a certain size backward.

$00¢+03
. A0

45303

4306403

406403 Upper keyhole outlet

383003

35903

33603

3K 03

2 8%¢+03
B 2650
B 24303
213403
195400
1 Me=03
L4803
1344003
10103
77003
535002 . §
T

- -

Z

Lower keyhc-)lé outlet

Fig. 2.13 Keyhole dimensions calculated under high power laser density
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It can be seen that in the front of the keyhole, the temperature changes greatly
within a small distance, and the temperature gradient is greater at the position below
2/3 of the plate thickness. We note that the temperature gradient at the front of the
keyhole is about 8334.7 K/mm on the lower surface of the workpiece. This temper-
ature gradient is much larger than the temperature gradient on the upper surface of
the workpiece. In contrast, the temperature gradient at the back of the keyhole is
significantly lower than that at the front of the keyhole. The weld pool appears like
an inverted horseshoe, which is closely related to the heat transfer mechanism in the
laser welding.

In order to discuss the relationship between keyhole geometric parameters and
welding parameters, Fig. 2.14 defines keyhole geometric parameters ¢, ~ ¢, ~ A~ 8
~ R~ R, and Rs. ¢,is the diameter of the upper keyhole outlet, ¢, is the diameter
of the lower keyhole outlet, A is the deviation between the central position of the
upper outlet and the lower outlet of the keyhole, f is the inclination angle of the front
wall of the upper keyhole outlet, R is the curvature radius of the front wall of the
keyhole, R, and Rj are the outer radius and inner radius of the curvature of the back
wall of the keyhole. It should be noted that the curvature radius of the front wall and
the back wall of the keyhole directly determines the curvature of the keyhole wall.
The curvature of the keyhole wall is calculated as follows:

@l e o

Fig. 2.14 The defined
keyhole dimensions induced
by laser energy
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Table 2.2 Comparison of the keyhole geometry parameters at different welding speeds

Welding speed (m/s) B @; (mm) @p (mm) A (mm) P, N/m?
0.025 61.9 1.22 0.39 0.056 200
0.04 58.1 1.06 0.28 0.333 230
0.05 52.0 1.01 0.20 0.366 270
0.06 43.4 0.966 0.11 0.398 310
P, =«y (2.53)

where: P,—surface tension pressure;

k —keyhole wall curvature;

y—surface tension coefficient of keyholes;

7 —normal direction of the keyhole surface.

Obviously, Fig. 2.14 simplifies the complex variation of the keyhole geometry
with three parameters Ry, Ry, and, R3. Formula (2.7) can be rewritten as follows:

111
=+ —+— 254
o V(Rl +R2+R3> (2.54)

Table 2.2 shows the calculation results of the keyhole diameter and the center
position offset of the upper and lower outlets at different welding speeds when the
laser power is 3000 W. In addition, the.

keyhole inclination angle B and the keyhole surface tension pressure P, corre-
sponding to the welding speeds are also given. Figure 2.15 shows the variation of
keyhole parameters with the increase of welding speed during deep penetration laser
welding. It can be seen that the diameter of keyhole outlet decreases with the increase
of welding speed, and the change of upper keyhole outlet is greater than that of lower
keyhole outlet. In other words, at constant laser power, the diameter of the lower and
upper keyhole outlets changes by 71.8% and 20.8%, respectively. The lower keyhole
outlet is more sensitive to the change of welding speed. In Fig. 3.15, it can be seen
that with the increase of welding speed, the offset of the center position of the upper
and lower outlets of the keyhole increases continuously, but between 0.025 m/s and
0.04 m/s, the variation of the offset is greater. The increase of the offset of the center
position of the upper and lower outlets of the keyhole means that the probability
of interaction between laser beam and material is increased. In this way, the mate-
rial welded can receive more laser energy when the welding speed is higher, so as
to compensate for the decrease of the interaction time between laser beam and the
material welded due to the acceleration of welding speed.

Figure 2.16 shows that the inclination angle of the front wall and the surface
tension pressure of the keyhole vary with the increase of welding speed when the laser
power is 3000 W. Obviously, the inclination of the front wall of the keyhole decreases
with the increase of welding speed, while the change pattern of the surface tension
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and pressure of the keyhole is just the opposite. The decrease of the inclination of the
front wall of the keyhole is beneficial to the absorption of laser beam by the keyhole
wall. In deep penetration laser welding, the stability of keyhole is the result of the
combined effect of fluid flow pressure in keyhole and surface tension pressure, static
pressure and dynamic pressure of weld pool fluid. On the premise that other pressures
remain unchanged, the increase of the surface tension pressure of the keyhole means
the decrease of the stability of the keyhole.

2.5.3 Effect of Laser Power on Keyhole Size

Deep penetration laser welding is divided into partial deep penetration welding and
full deep penetration welding. The former refers to the generation of laser keyholes
without penetrating the base metal, while the latter refers to full penetration of keyhole
through the plate. In partial deep penetration welding, it is easy to produce process
pore, or porosity. Such porosity can be caused by many factors; a major one is the
instability of the keyhole. To keep the keyhole wall open, two basic conditions must
be met: energy balance and the pressure balance. The following describes the impact
of laser power changes on keyhole size from the perspective of energy balance.

In laser welding, the existence of plasma considerably affects the efficiency of
energy coupling between laser and material. The periodic plasma flow from the
keyhole directly takes the energy of the air flow inside keyhole. Based on energy
balance, the stability of the keyhole wall depends on the heat absorption and dissi-
pation. According to the available data, laser energy is absorbed by the air flow and
laser beam inside keyhole through the Fresnel absorption mechanism of the keyhole
wall and the reverse bremsstrahlung absorption mechanism. The heat absorbed is
used to overcome the resistance of forcing the keyhole closed, such as the surface
tension, the static pressure of the weld pool fluid and the dynamic pressure of the
flow.

Figure 2.17 shows the temperature field when the welding speed is 0.025 m/s. In
the picture, the temperature in the red area is 5000 K, and the temperature in the dark
yellow area is above 3590 K, which is also in the evaporation temperature range. This
temperature region is the equivalent pore. It can be seen that the keyhole is in the
shape of an upright wine cup, showing typical asymmetry in appearance. The double
horn shape of weld pool is also very obvious. The incident laser beam enters from
the upper part of the workpiece. If the plasma density in the keyhole is not high, part
of the laser energy passes through the vapor in the keyhole and interacts directly with
the welded base metal. According to the Fresnel absorption mechanism, the energy
of the laser beam is converted into the energy required for welding. In fact, the vapor
pressure in the keyhole changes in a quasi-periodic manner, so does the amount
of plasma. In this changing process, the Fresnel absorption mechanism has been
playing a role, but the absorption of laser beam energy by this mechanism has also
undergone a quasi-periodic change. Seto et al. from Osaka University observed the
quasi-periodic eruption process of keyhole plasma through high-speed photography.
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Fig. 2.17 Keyhole dimensions at welding speeds of 0.025 m/s during laser welding

In addition, the flow of laser beams into the keyhole transmits the laser energy to the
workpiece by convection and heat conduction of the air flow in the keyhole through
the inverse bremsstrahlung absorption mechanism. The size of keyholes changes
from large to small from top to bottom, which indicates the gradual attenuation of
laser energy.

Figure 2.18 shows considerable changes of keyhole shape at laser power of 3000 W
and constant input welding energy when the welding speed increases. When the
welding speed increases to 0.06 m/s, the shape of the keyhole changes remarkably.
The change of welding speed means the change of interaction time between laser
beam and welded material. It also indirectly reflects the change of energy absorbed
by laser keyhole. In order to further study the effect of laser energy on keyhole
size, the variation of keyhole size with the increase of laser power at welding speed
of 0.025 m/s is given in Fig. 2.19. It can be seen from Fig. 2.19 that the size of the
keyhole changes little with the increase of laser power. This is related to the facts that
air pressure inside keyhole is close to atmospheric pressure, and that the absorption
of incident laser by the keyhole is realized by indirect heat transfer from plasma in
the keyhole to the keyhole wall.
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2.6 Simulation of Weld Pool and Keyhole in Deep
Penetration Laser Welding

2.6.1 Numerical Simulation of Weld Pool Shape in Deep
Penetration Laser Welding

Figure 2.20 is the calculation result of laser weld pool of Titanium alloy in XOY
plane (z = 0.0025 m) when laser power is 3000 W, welding speeds is 0.03 m/s and
workpiece moves along the X-axis. For discussion purposes, the definitions of weld
pool length L and weld pool width B are shown in Fig. 2.20. The experiment shows
that the temperature gradient is larger in the front of the laser keyhole than in the
back of the laser keyhole, and the direction of heat flow is obvious. The simulation
results show that the principal axis direction of the weld pool is closely related to the
moving direction of the workpiece. The shape of isotherm is similar to that in other
welding methods. It is asymmetrical longitudinally with the welding direction as the
long axis. The front of the weld pool is at the heating stage. The temperature gradient
is larger and the heat action is stronger. The convective heat transfer of molten metal
and the heat conduction of solid metal at the front of the weld pool play a role at the
same time. After carefully observing the position of the laser keyhole center and the
position of the widest weld pool, it is found that the position of the widest weld pool
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Fig. 2.20 The shape and size of weld pool on upper surface of the workpiece in XOY plane during
deep penetration laser welding
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is slightly farther than that of the laser beam center. In other words, the width of the
weld pool increases slightly after the heat source leaves, and there is a small lag at
the position of its maximum value. This shows that there is a lag time for thermal
action, and the latent heat of crystallization from liquid to solid phase transition is
also an important factor.

Figure 2.21 shows the calculation result of weld pool in XOZ plane at laser welding
speed of 0.03 m/s, laser power of 3000 W. Obviously, the front of the weld pool has
a certain inclination, and the asymmetric structure of the weld pool is very obvious.

Figure 2.22 shows the geometric shape and size of the weld pool in YOZ plane
when laser power is 3000 W and welding speed is 0.03 m/s. It can be seen that
the weld pool is symmetrical in the OZ direction but asymmetric in the thickness

J—_x Keyhole B ool 1 mm

Fig. 2.21 Weld pool shape and size in XOZ plane during deep penetration laser welding
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Fig. 2.22 Shape and size of the cross section of weld pool in deep penetration laser welding
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direction. The shape of both the upper and lower surfaces of weld pool is open.
This indicates that the surface tension gradient of free surface of weld pool plays an
important role in heat transfer of weld pool.

2.6.2 Effect of Welding Speed and Laser Power on Weld Pool
Size

Under the assumption that the laser beam is CO, laser, the radius of focal plane
is 0.2 mm and the defocus is 0, the relationship between laser weld pool, welding
speed and laser input power is simulated. Figure 2.23 shows the relationship between
weld width and welding speed during laser welding of titanium alloy at laser power
of 3000 W. Welding speed is an important factor affecting the length and width of
weld pool. When the laser power is constant, increasing the welding speed means
that the energy of the welding body decreases. On the other hand, with the increase
of welding speed, the interaction time between laser beam and titanium alloy is
relatively shortened. Therefore, the laser energy of input material decreases in unit
time, and the width of weld pool is decreases.
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Fig. 2.23 Weld pool width dependence on traveling speeds of workpiece
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Fig. 2.24 Weld width varied with laser power

Figure 2.24 shows the variation of weld pool width during the increase of laser
power. With the increase of laser power, the width of the weld increases, but the
width of the middle part of the weld changes more obviously.

2.7 Numerical Simulation of Fluid Flow in Weld Pool
During Deep Penetration Laser Welding

2.7.1 Characteristics of Fluid Flow in Weld Pool

Figure 2.25 shows the velocity vector diagram of the upper surface of the weld pool
(z = 0.0025 m) when the laser power is 3000 W and the welding speed is 0.05 m/s.
It can be seen that the velocity distribution on the upper surface of weld pool is
not uniform. The velocity vectors with a velocity value of about 1.05 m/s form a
distinct circle. These velocity vectors originate from the center of the heating source
and diverge from one heating center to all sides. That is to say, the melted liquid
metal flows from the heating center to the surrounding area, and the flow velocity is
approximately the same. This convection has a higher velocity value, which indicates
that the convection heat transfer is stronger.
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Fig. 2.25 Velocity vectors in the upper surface (Z = 0.0025 m) of weld pool

In fact, the driving force of this convection is the surface tension gradient, the
so-called Marangoni convection. This driving force is also called Marangoni force.
In the figure, the velocity values of each point farther from the heating center are very
low and the same, i.e., 0.05 m/s. This is because the calculation assumes that the laser
beam is stationary and the workpiece moves at a speed along the positive X-axis.
Compared with the moving speed of workpiece, the flow velocity of weld pool is
much larger. The maximum flow velocity on the surface of weld pool is 1.16 m/s. It
is 23.2 times faster than the welding speed.

For the cold metal in front of the heat source, the convective heat will melt the
solid metal, and the melted metal will become a part of the weld pool. For the rear
part of the heat source, Marangoni flow will bring the metal from high-temperature
areas to the weld pool metal which is still in liquid state. This not only supplements
the heat loss of the metal from the back part of the pool to the surrounding cold
metal, but also maintains the convective inertia for a period of time, but the flow
speed is obviously lower than the convective speed in the invisible circle. With
the increase of laser power, the intensity of heat source increases, the Marangoni
convection strengthens and the weld pool width increases naturally. During deep
penetration laser welding, keyholes are produced, and their size increases with laser
power density. If the intensity of Marangoni flow remains unchanged and the size
of keyhole increases, the effective range of heat flow will naturally increase. In this
way, the length and width of weld pool increase with laser power. At the same time,
with the increase of laser power, the attenuation of laser beam by plasma above
the keyhole will become greater, and the effective heat input of weld pool will be
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reduced. Therefore, the rate of increase in the size of weld pool decreases as the laser
power increases.

Figure 2.26 shows the velocity vector diagram of weld pool fluid flow in XOZ
plane when laser power is 3000 W and welding speed is 0.06 m/s. The weld pool
has an asymmetric horseshoe shape. As can be seen in Fig. 2.26, there is an obvious
eddy on the upper surface of the weld pool and at a little distance from the keyhole.
The weld pool is horseshoe-shaped, and there is an obvious eddy on the shoulder of
the weld pool. The maximum speed of the weld pool surface reaches 1.4 m/s. The
velocity of fluid flow in weld pool is small, but the direction of flow is obviously
affected by the fluid flow on the surface of weld pool. Careful observation shows that
the flow velocity on the surface layer of the weld pool is significantly higher than
that on the subsurface layer.

From the point of view of Newtonian fluid, the velocity difference between surface
fluid and subsurface fluid is caused by the shear stress of the fluid. Newton shear
stress is calculated using the following formula:

d
= nd_'j (2.55)

Substitute n of material viscosity and the obtained velocity in the equation. The
viscous shear stress between the surface and subsurface is about 61.2 Pa. The results
show that the flow direction of Z = 0.0023 m plane fluid is opposite to that of surface
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and subsurface fluid. That is to say, the flow and heat transfer of metal on the surface
of weld pool is strong, but Marangoni flow mainly affects the surface, but has little
effect on the metal flow under the subsurface layer. The generation of eddy is a strong
proof of convective heat transfer. The fluid on the surface of the weld pool runs so
fast that the heat carried by the fluid is transferred rapidly to the surrounding areas.
However, due to the limited melting area of the weld pool, the rapidly flowing fluid
may show two flow patterns. One pattern is that the hot metal on the surface of the
weld pool center is pushed to the edge of the weld pool to form a protuberance. After
the laser heat source moves away, the temperature of the small laser weld pool drops
rapidly, the viscosity increases rapidly, and finally welds with an extra height are
formed. In calculation, it is assumed that the weld pool is plane, which limits the
deformation of the weld pool surface. The second pattern is that the surface metal
will encounter significant resistance when it flows to the edge of the weld pool. After
the metal collides with the solid metal, the backlash force of the solid wall forces
the flow direction velocity to change, resulting in eddy. From the two cases, it can
be inferred that the actual eddy may not be as significant as those calculated.
Figure 2.27 shows the velocity field of weld pool in the YOZ plane when laser
power is 3000 W and welding speed is 0.03 m/s. It can be seen that there are two
distinct eddies near the surface of the weld pool. The existence of eddy indicates
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Fig. 2.28 Velocity field in z = 0.0023 m plane in laser welding

strong convective heat transfer. Eddy fluids bring heat from heat sources around the
weld pool, which will inevitably affect the shape and size of the weld pool.

Figure 2.28 is the velocity vector diagram of the fluid flow in the weld pool on the
sub-surface and z = 0.0023 m XQOY plane when the laser power is 3000 W and the
welding speed is 0.05 m/s. The recirculating eddies of the weld pool fluid are very
obvious in the figure. This flow makes the cold metal at the edge of the weld pool
migrate to the heating center and cooperates with the Marangoni flow on the surface
of the weld pool, which promotes the flow and heat transfer in the weld pool.

Figure 2.29 shows the velocity field in z = 0.0024 m plane. It can be seen that the
direction of fluid flow velocity is similar to that on the surface of weld pool, but the
velocity value is much lower. The representative fluid flow is at 0.3 m/s.

2.7.2 Distribution of Flow Velocity in Weld Pool

Figure 2.30 shows the distribution of the weld pool flow velocity in the direction of
workpiece thickness when laser power is 3000 W and the welding speed is 0.05 m/s,
0.075 m/s, and 0.10 m/s, respectively. In the case of full penetration in deep penetra-
tion laser welding, the upper and lower surfaces of the weld pool are free surfaces,
and the surface tension gradient drives the weld pool fluid from the center of the
heat source to low-temperature areas. The existence of eddies greatly accelerates the
flow rate of metal near the surface of the weld pool, but their sphere of influence is
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affected by the size of the eddies. The flow rate of weld pool fluid decreases rapidly
with the increase of the distance from the free surface. In terms of the driving force
of laser welding pool flow, there are Marangoni force, recoil force, buoyancy force,
gravity force and friction force of irregular eruption of keyhole gas flow. Because
this section focuses on the flow of laser welding pool in the case of full penetra-
tion, deep penetration laser welding is different from laser spot welding or partial
deep penetration laser welding whose weld pool flow is driven by the recoil force
generated by vapor evaporation. In the weld pool, if there is no auxiliary effect of
eddy flow, the flow driving force is only the buoyancy of the weld pool, so the flow
velocity is much lower than that of the weld pool surface. On the back of the weld
pool, the weld pool fluid is still the working surface, but because of the difference of
the temperature gradient between the positive and negative sides of the workpiece,
the surface tension gradient of the weld pool is smaller on the back side than on the
front side, and the size of the weld pool is also significantly smaller than that on the
front side. Therefore, the maximum flow velocity on the surface of the weld pool is
much lower than that on the front side, due to the Marangoni force.
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Fig. 2.31 Effect of laser power on sizes of the cross section of TC4 titanium alloy CO; laser weld
joint
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Table 2.3 Comparison of calculated value and actual measured value of the cross section of the
weld joint

Power/kW | 1.87 2. 00 2.50 3.00

Size of Simulated | Actual | Simulated | Actual | Simulated | Actual | Simulated | Actual
weld value value | value value | value value | value value
joint/mm

Width of | 2.70 2. 58 [2.62 2. 50 |2.73 2. 64 |2.76 2.64

the upper

part

Width of | 1.62 1.54 1.63 1.51 2.18 2. 00 |[2.11 1.89

the lower

part

Width of | 1.15 1.03 0.86 0.83 |I.15 0.94 1. 14 1.04

the middle

part

2.7.3 Verification

In order to verify the correctness of the calculation results, a laser welding test is
conducted. The material used in the specimen, the laser power, the welding speed
and other process parameters are strictly consistent with the input parameters in
the calculation and simulation. The cross-sectional morphology of the weld joint is
observed under the optical microscope, and the widths of all parts of the weld joint
are measured by a microscope for comparison.

Table 2.3 lists the simulated calculation values and actual measured values of
sizes of the cross section of the weld joint of CO, laser welding of TC4 titanium
alloy. These values are obtained under different power conditions at a welding speed
of 0.025 m/s. It can be seen from the data in Table 2.3 that the simulated calculation
values of the widths of the upper, middle and lower parts of the cross section of the.

weld joint are similar to the actual measured values. In general, the calculated value
is larger than the actual measured value. There are several reasons for this situation:
First, the surface of the weld pool is assumed to be plane during calculation, but the
actual surface of the weld joint is always higher than the surface of the workpiece;
second, the viscosity of the fluid in the weld pool is assumed to be constant during
calculation, which is different from the real viscosity of the weld pool; third, the
flow state of the weld pool is assumed to be laminar flow during calculation, and
this cannot fully reflect the actual flow state of the weld pool. Figure 2.31 shows
the effect of laser power on sizes of the cross section of TC4 titanium alloy CO,
laser weld joint. RT is the actual measured value of the size of the upper part of the
weld joint, RB is the measured value of the size of the lower part of the weld joint,
RM is the measured value of the size of the middle part of the weld joint, CT is the
calculated value of the size of the upper part of the weld joint, CB is the calculated
value of the size of the lower part of the weld joint, and CM is the calculated value
of the size of the middle part of the weld joint. As can be seen from the figure, when
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the laser power increases from 1.87 kW to 2.00 kW, sizes of the cross section of the
weld joint decrease. This relationship is related to the gravity of fluid in the weld
pool in the initial stage of full penetration and the fact that the recoil pressure of
the air flow in the keyhole forces the molten metal to fall. When the laser power
continues to increase, sizes of the cross section of the weld joint are increased. In
this steady increase phase, the welding speed remains constant. Despite greater fall
in the weld pool, the fall rate is far less than the rate of increase in the overall size of
the weld pool, and as a result, the size of the cross section of the weld joint increases
continuously.

Figure 2.32 shows the effect of welding speed on widths of all parts of the cross
section of TC4 titanium alloy CO, laser weld joint when the laser power is 3000 W.
As the welding speed increases, test values and simulated values of widths of all
parts of the weld joint decrease, and most of the simulated values are slightly higher
than the test values. For the width of the middle part of the weld joint at a welding
speed of 0.05 m/s and the width of the upper part of the weld joint at a welding
speed of 0.04 m/s, the simulated value and the actual measured value are in good
agreement. Figure 2.33 compares the simulation results of the geometric shape and
the size of the weld joint at the CO; laser power of 3000 W and the welding speed
of 0.05 m/s and the test results obtained after TC4 titanium alloy is welded under the
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Fig. 2.32 Variation and comparison of the widths of the cross section of the weld joint with the
change of welding speed
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Fig. 2.33 Comparison of the calculated shape and size of the weld joint and the actual shape and
size of the weld joint

same conditions. The results show that the simulated and actual weld joints share a
similar shape and size.

The data in Table 2.3 shows that the calculated widths of the upper part, the middle
part, and the lower part of the weld joint are 3.41, 8.41, and 9.30% larger than the
corresponding actual sizes of the weld joint obtained under the same welding condi-
tions. The deviations mainly come from three aspects: the assumption of calculation
plane, the assumption of thermo-physical properties of materials and the assumption
of the flow pattern of weld pool. Before the calculation, the surface of the weld pool
is assumed to be plane, while the actual surface of the weld pool is deviated from the
assumption due to the effect of welding thermal expansion and gravity. In this way,
the calculation result is larger than the actual measured value. There is an obvious
temperature gradient in the actual weld pool, the temperature near the heat source is
much higher than the average temperature of the weld pool, and the flow viscosity of
the weld pool decreases with the increase of temperature, and the temperature value
at the edge of the weld pool is lower than the average temperature of the weld pool,
so the difference between the actual value and the assumed value of the viscosity of
the weld pool also lead to the deviations. The deviations are also connected with the
assumption of the flow pattern of the weld pool. In deep penetration laser welding,
the constant fluctuation of the position of the keyhole will inevitably cause distur-
bance to the flow of the weld pool. The assumption of laminar flow also causes the
difference between the calculated value and the actual value.
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2.8 Summary

On the basis of mass conservation equation, momentum conservation equation and
energy conservation equation in fluid mechanics, the component conservation equa-
tion and the k—¢ equation are added according to different simulation objectives.
Given boundary conditions of deep penetration laser welding, the control volume
method is used to discretize nonlinear partial differential equations, and with the
CFD commercial software FLUENT solver and SIMPLE algorithm, the keyhole and
the flow velocity field of the weld pool, and the mass fraction of components under
the interaction of inert auxiliary airflow, the keyhole erupting airflow and the upper
part of the keyhole during the deep penetration laser welding are simulated. The
calculation results are compared with the changes in the shape and size of the weld
of titanium alloy laser welding, or the changes of the plasma smoke photo of high-
speed photography. It is found that the simulation results are basically consistent
with the experimental results.
Through the above study, the following conclusions are drawn:

(1) Itissuitable to employ a combined heat source model consisting of the rotating
Gauss heat source and double-ellipsoid heat source to simulate the formation
of the keyhole in deep penetration laser welding of titanium alloy and the flow
velocity field of the weld pool. The body heat source model can reflect the
basic physical process in deep penetration laser welding, and also embodies
the simulation characteristics of the control volume method.

(2) In the process the deep penetration laser welding with full penetration, the
diameter of the keyhole is not very sensitive to the laser power, but the inclined
angle of the keyhole changes obviously with the increase of the laser welding
speed. The surface tension pressure caused by the curvature of the free surface
of the keyhole has a strong relationship with the welding speed under the
condition of constant airflow pressure in the keyhole. With the increase of the
welding speed, the stability of the keyhole gradually decreases.

(3) The flow velocity above the surface of the weld pool for deep penetration
laser welding is the largest, and Marangoni force plays a leading role in the
convective heat transfer on the surface of the weld pool. Under the action of
moving heat source, the Marangoni flow evolves from a symmetrical shape
around the laser heating center to a tadpole shape in which the direction of the
long axis is parallel to the welding direction of the weld pool. In a velocity
“virtual” circle, on the surface of the weld pool, with half of the width of
the weld pool as the radius, the flow velocity of the weld pool is relatively
large, and outside the “virtual” circle, the flow velocity of the fluid in the weld
pool decreases gradually. Inside the weld pool, the flow velocity of the fluid is
significantly lower than that on the surface of the weld pool, but much larger
than the welding speed. The flow velocity value of fluid on the back side of the
weld pool is larger than the flow velocity value of metal inside the weld pool.

(4) The shape and size of the weld pool have a good correspondence with the size
and position of the flow velocity vortex in the weld pool. The vortex in the weld
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pool is the result of the combined action of the recoil pressure of Marangoni
flow and the solid-liquid interface, while buoyancy and gravity only play an
auxiliary role. The existence of the flow vortex of fluid in the weld pool greatly
enhances the convective heat transfer between the high-temperature metal fluid
and the cold fluid, thereby directly affecting the shape and size of the weld pool.



Chapter 3 )
Coupling Model and Numerical st
Computation Method of Keyhole

and Weld Pool

Abstract This chapter introduces a self-consistent model of coupled keyhole and
weld pool dynamics and its numerical implementation for keyhole mode laser
welding. A self-consistent heat source model dependent on the transient three-
dimensional keyhole profiles is presented by using the ray tracing algorithm.
Governing equations for three-dimensional transient heat transfer and fluid flow
of weld pool and keyhole free surface tracking are given in detail. The discontinuous
boundary conditions of thermocapillary force, surface tension and recoil pressure on
the interface between keyhole and weld pool are deduced based on incompressible
viscous flow assumptions. Numerical implementations of this self-consistent model
are also introduced.

3.1 Introduction

In the process of deep penetration laser welding, the laser heat source makes the
material rapidly melted and vaporized to form weld pool, metal vapor/plasma and
dynamic keyhole. With the movement of the heat source, the keyhole and the weld
pool continue to advance, and at the same time, complex free-surface motions occur in
the millimeter-scale weld pool, together with various behaviors such as solid-liquid—
gas conversion, heat transfer and mobility, throughout the entire welding process.
The stability of the deep penetration laser welding process and the joint quality after
welding rely heavily on the coupling of the dynamic keyhole and the moving weld
pool. Therefore, it is necessary to establish a coupling model for the laser welding
keyhole and weld pool and use an accurate and efficient numerical computation
method to provide theoretical tools for the quantitative simulation analysis of the
complex multi-phase coupling dynamics behavior and mechanism of the keyhole
and weld pool in the welding process.

This chapter introduces in detail how to establish a laser welding multi-phase
coupling model. A hybrid model is used to describe the real-time changing solid—
liquid surface, assuming that the molten metal in the weld pool is an incompressible
Newtonian thermal fluid. The heat transfer and flow in the weld pool are expressed
by the conservation of energy equation and the Navier—Stokes equation, respectively.
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As for heat source model of the keyhole laser-absorbing wall, the analytical keyhole
linear heat source model commonly used in the early stage of laser welding simu-
lation, and the dynamic keyhole multiple Fresnel absorption model are introduced.
As for tracking method of the real-time changing gas-liquid free surface during
the welding process, the commonly used VOF (volume of fluid) method and Level
Set method are mainly introduced. The precise treatment of the gas—liquid surface
boundary conditions is a guarantee essential to the calculation accuracy of mesoscale
surface flow in laser welding. The gas—liquid sharp surface method proposed by the
author can accurately treat the surface boundary conditions, avoiding the numerical
error caused by the CSF (continue surface force) model, and greatly improving the
accuracy of the simulation calculation. Therefore, the multi-phase coupling model
of the laser keyhole and weld pool established by this method is also known as laser
welding sharp surface model.

This chapter also gives a detailed introduction of the numerical solution method
and process corresponding to the multi-phase coupling model, including the algo-
rithm based on linear heat source model, the ray tracing algorithm based on multiple
Fresnel absorption heat source, the high precision finite difference solution format
of Level Set method, the fast solving algorithm of weld pool heat transfer and
flow, the OpenMP parallel solving language, and the iterative solving process in
the coupled solution. The multi-phase coupling model introduced in this chapter has
more comprehensive considerations than the quasi-steady-state model as provided
in Chap. 2. It can describe the dynamics features of the keyhole and moving weld
pool during the entire welding process from the initial welding to the quasi-steady
state. But it is more complicated and time-consuming in calculation.

3.2 Governing Equations of Coupled Model

3.2.1 Heat Transfer and Fluid Flow Equations

It is assumed that the molten metal in the weld pool during laser welding is an incom-
pressible fluid, and the density of the molten metal does not change during the solid—
liquid phase transition. Therefore, the mass, momentum and energy conservation is
expressed as follows

—
V.U=0 3.1)

e}
/e
(ob)
33‘ 1
—
\
<4
SN—"
<l

— W=
=V~(/L1VU)—VP—EU

C, —> — -
— —=|UIU + pgB(T — Trey) (32)

VK



3.2 Governing Equations of Coupled Model 67

oT —

oC, (E + (U : V)T> — V. (kVT) (3.3)
where:
—
U Three-dimensional velocity vector;
W Dynamic viscosity of fluid;
P Density;
p Pressure;
g Three-dimensional gravity acceleration vector;
B Coefficient of thermal expansion;
C,  Specific heat capacity;
k Heat conductivity coefficient;
T Temperature;
T..; Reference temperature;
K Carman-Kozeny coefficient in mixed phase model, i.e., transmission coeffi-

cient, which is closely related to the liquid mass fraction f; of current grid
cell.

K can be determined by the following equation.

f12d2

=__Ji% 3.4
180(1 — f)? ©h

where: d is closely related to the size of dendritic arms, which is usually a constant. For
laser welding, its size is above 1072 cm. In addition, C in the Eq. (3.2) is a nonreactivity
coefficient related to liquid mass fraction. It is calculated by the following equation.

C=0.13f5"" (3.5)

In order to improve the value calculation speed, the liquid mass fraction may be
deemed to have a linear relation with the temperature, thus:

1 T>T,
fi = %7}>=T>=TS (3.6)
0 T <T;

where: T; and T,—Liquidus temperature and solidus temperature of welded alloy
material.
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3.2.2 Heat Source Model

During the deep penetration welding process, the laser beam is irradiated onto the
surface of workpiece to lead to rapid melting and evaporation, thus forming keyhole
in the weld pool. For this reason, the heat source based on the change of the keyhole
morphology fits more the physical facts in the laser welding simulation calculation.
Earlier, Kaplan et al. proposed a linear heat source model based on the analytical
keyhole model in the 1990s. With the practice of keyhole surface real-time tracking
and the breakthrough of ray tracing technology in laser welding heat source applica-
tion, the multiple Fresnel absorption heat source based on keyhole free surface has
been greatly concerned and widely applied in simulation applications, especially in
numerical simulation for accurate calculation of keyhole and weld pool dynamics.

3.2.2.1 Linear Heat Source Model

Kaplan proposed a calculation model for the keyhole shape of deep penetration laser
welding based on the idea of point-by-point energy balance of keyhole wall. Since
the laser welding heat source is assumed as a fast moving linear heat source, the
model is suitable for laser rapid welding and sheet welding. Since the laser heat
source is assumed as a linear heat source in the model, the temperature field can be
expressed by Rosenthal’s fast moving linear heat source equation.

!/

T(r,¢) =T+ Ko(Plr)efereose 3.7
(ro) =T, Sy o( Pr) (3.7
where:

T, Ambient temperature, K;

P’ Average intensity of the heat source along the thickness of the workpiece;

Xn  Thermal conductivity coefficient, W- m~! -K~';

K Modified second-class zero-order Bessel function;

r Distance of point (r, ¢) from the heat source, m;

¢ Angle of point (r, ¢) with the heat source line and the welding direction;
Pe’  Corrected Peclet number.

The corrected Peclet number can be expressed by the following equation.

, p-C-v ryv
P=—=— 3.8
¢ oAt k 68

where:

k  Thermal diffusion coefficient;
v Welding velocity, m/s;
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ro  Radius of heat source, m.

Pé' is proportional to the velocity v under given diffusion coefficient and radius of
heat source. The temperature of any point in the weld pool (including any point on the
inner wall of the keyhole) can be expressed by T (r, ¢) theoretically. The temperature
of the keyhole inner wall is assumed as the metal evaporation temperature 7'; If the
left side (3.6) of equation is equal to Ty, the heat source intensity P’ at each point
on the inner wall of the keyhole can be expressed as follows.

27T )“lh

Plrcosg 3.9
ko) Y

P'(r,p) = (T, — Ty)

3.2.2.2 Heat Source Model Based on Fresnel Absorption

The approximate distribution of laser energy density is assumed to be a Gaus-
sian distribution, and then the distribution function equation of laser energy can
be expressed as follows.

Io(r, 2) = 3Q/ (7 R*) exp(—3(r?)/R?) (3.10)

where:

R  Light spot radius;
Q Laser power density.

In addition, let’s assume that the laser energy is not attenuated along the depth
direction. As the laser head moves, the Gaussian heat source must move with it, so
as to consider the effect of welding velocity.

Considering the Fresnel absorption effect, the laser energy density ¢ absorbed at
any position on the keyhole wall can be expressed as follows.

—
1

N
g = 1. (T o iio)are 00) + 3 1.2 (T -iim)arr@) G
m=1

1/14+ (1 —ecosf)® e*—2ecost +2cos6
ar,(0)=1—= 5 (3.12)
2\ 1+ (1 +ecosh)*> €2+2ecosf + 2cos?6
where:
0 Angle between the incident laser beam and the normal vector of the
keyhole wall;

agr (0) Fresnel absorption coefficient;
N Number of laser beam incidence considering multiple reflection;
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Normalized laser beam direction;

Normalized normal vector of the keyhole wall;

Constant related to the laser device and material;

Iy(r, 2) Energy distribution function of laser beam;

I,(r,z)  Remaining energy density of the laser beam after the m reflection.

™ =l~‘l’

The constant ¢ is theoretically determined by the following equation.

282
e = 5 7 (3.13)
&1+ [ef + (05 /we0)?]
where:
Oyt Electrical conductivity per unit depth of metallic material;

€1, €2 Real component of the metal and plasma dielectric constants;
&0 Vacuum transmittance;
w Laser angular frequency.

As a matter of fact, ¢ value is normally determined by trial-and-error method,
which is larger than the theoretical value in general. There are main two reasons for
using the trial-and-error method: @ The keyhole wall has an extreme high tempera-
ture, close to boiling point, which is likely to affect the Fresnel absorption effect; @
The approximation error can be compensated by a large ¢ value, because the formula
used for calculating the Fresnel absorption is an approximation by itself. For CO,
laser welding, ¢ is normally equal to 0.08; for YAG laser, ¢ is normally equal to
0.2-0.25. Considering the fiber laser has a better beam quality than YAG in general,
this study proposes that for the fiber laser welding, & can be determined as 0.2-0.5,
which varies with the laser power.

3.3 Free-Surface Tracking Method

The keyhole normally has a changing transient morphology in the laser welding
process, and its shape may even be highly topologically deformed, such as metal
spatter and porosity. In addition, the normal vector and the curvature at any position
of the keyhole wall should be calculated precisely in order to accurately consider the
influence of Fresnel effect and surface tension on the transient behavior of keyhole.
The aforesaid two problems cause great difficulty in choosing a reasonable numerical
method to track the moving surface of transient keyhole.

It is very difficult to use Lagrangian-based surface tracking methods such as
MAC (Mark and Cell) and Front Tracking to deal with the topological deformation
of complex surface. Now, two main surface tracking methods are VOF (Volume
of Fluid) method and Level Set method, with the advantages of high calculation
accuracy, short calculation time and less memory. So, this chapter mainly introduces
the Level Set and VOF methods to track the keyhole free-surface movement.
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3.3.1 Level Set Method

The Level Set method uses an implicit scalar function to describe the free-surface
position. The scalar function is normally a signed distance field function. It is defined
as the shortest distance from the keyhole interface in respect of laser welding. For
the Level Set function ¢ (X) in this document, R*> — R is defined as follows.

—d(%, Q) Xe Qi
o(F) = 0 ieQ (3.14)
—d(F, Q) ¥ e [R>—Q— Q)

where:
Q Keyhole surface;
Q; Area occupied by molten metal or workpiece;

{R?— Q2 —Qi,} Area of metal vapor/plasma.

Based on Level Set method, the kinematic equation describing the transient
keyhole surface in laser welding can be expressed as follows.

o —
E+U~V<p=0 (3.15)

where: U—Kinematic velocity of keyhole surface. In this study, ﬁ is determined
as the kinematic velocity of the molten metal in the weld pool closest to the current
position.

If the Level Set method is used to track the moving surface, the current Level Set
function should be re-initialized after solving of the Eq. (3.15), so as to ensure that
the Level Set function in each time step is a signed distance field. The re-initialization
equation can be described as follows.

Vol =1 (3.16)

Using the Level Set method to describe the free surface of the keyhole can facilitate
the computation of the exact normal vector and curvature value at any position on
the keyhole surface. Based on the distance field function, the calculation formulas
of normal vector and curvature k are as follows.

I v
= ¢ (3.17)
Vol
v
k=v. L (3.18)



72 3 Coupling Model and Numerical Computation Method of Keyhole and Weld Pool

Large numerical dissipation is the biggest problem of the Level Set method in
tracking the free surface, meaning that it will cause serious surface quality loss. The
numerical dissipation problem can be addressed by the Particle Level Set method. Its
principles are as follows. Some virtual particles are arranged artificially on both sides
of the surface described by the Level Set to make the particles move passively with
the fluid. The position information of the particles is used to correct the numerical
dissipation of the Level Set. The motion equation of particles can be determined as
follows.

—
dx,

L = U(%,) (3.19)
t

where

x » Current position vector of particle;

U (? 1,) Velocity vector of the fluid at particle location.

3.3.2 VOF Method

The VOF method, proposed by Hirt and Nichols in 1981, is used to handle arbi-
trary free surface problems. Its basic principle is to determine the position and
shape of the free surface by the ratio function F (also known as volume function
F) between the changing volume of fluid in the computational regional grid cell and
the volume of the grid cell itself. The VOF method, which is evolved based on the
MAC method, requires less computing time, less memory and has easier boundary
conditions compared with the MAC method.

The free surface tracked by the VOF method is determined by the volume fraction
F of fluid in the grid cell at each moment. For instance, if the volume fraction F of
fluid in a grid cell is equal to 1 at a certain moment, the grid cell is filled with fluid. If
the volume fraction F of fluid in another grid cell is equal to 0, the grid cell is filled
with another fluid. If the volume fraction F of fluid is more than 0 and less than 1
in a grid cell, the grid cell is a surface containing two-phase substance, so that the
position and shape of the free surface can be determined according to the volume
fraction F of fluid in grid cell. The volume function is shown by the equation below.

F F, F, F,
9 +8( u)+8( V)+8( w) _

- 0 (3.20)
31 ar ot ar

The free surface is assumed as a horizontal plane based on the determination of
the surface normal vector. For the grid cell (i, j, k), the adjacent grid cells in the same
horizontal plane are represented as Fg, Fr, Fr, Fg, so the vector is expressed as
follows.

FLFr = (2d,,0, Fa — F}) (3.21)
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T _ z z

FgFr =(0,2d,, Ff — Fg) (3.22)
where:
d., d, Grid step size of x and y equation;

FZ FZ FZ FZ zcoordinate value of the corresponding grid.

Thus, the normal vector of the free surface in the horizontal direction can be
expressed as follows.

- o 1 _ z V4 VA z
FLFR X FBFT = (—2(FR — FL )d, _Z(FT — FB)dx,dedy) (323)

The free-surface normal vector of positive plane and side plane can be obtained
similarly.

During computation, the material property parameters of the control body can
be determined according to the proportion of each phase in the control body. For
instance, for a system containing n phases, the density of each control body can be
determined by the following equation.

p=7) aip (3.24)
=1

where:

o;  Volume fraction of phase i in the control body;
pi  Density of phase i, kg- m~>.

The density and viscosity are determined by the volume fraction of each phase
in the control body, so other parameters (such as viscosity) can be determined in the
same way.

3.4 Boundary Conditions of the Coupling Model

Now, relevant studies show that serious parasitic flow problem may arise if the
CSF model is used to handle the recoil pressure, surface tension and thermal capil-
larity force caused during deep penetration laser welding. Theoretically, the exis-
tence of surface tension will result in mathematical discontinuity of the pressure
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of gas-liquid two-phase fluid across both sides of the keyhole. Besides, the exis-
tence of thermal capillary force and friction force will cause mathematical discon-
tinuity of the gas—liquid two-phase viscosity stress tensor. In numerical simula-
tion, precisely considering these mathematical discontinuities is an essential prereq-
uisite for obtaining accurate solutions consistent with physical processes. There-
fore, discontinuous numerical method is used to handle these important boundary
conditions.

The theoretical derivation of discontinuous conditions with the presence of
thermal capillary force and surface tension is lacked at home and abroad. In this
section, a detailed theoretical derivation is made for the discontinuous boundary
conditions on the free surface of the keyhole during deep penetration laser welding
based on the fundamental principles of viscous fluid mechanics.

3.4.1 Basic Agreements

First, the vector is defined as u = u X? +u yf +u z/?, where 17, f, k are the unit vector
in the direction of x, y, and z, respectively. It is agreed that the vector is expressed in
the form of a column vector matrix.

Uy
i=|u, (3.25)

u;

In addition, it is also agreed that the second-order stress tensor is expressed in the
form of a 3 x 3 matrix.

Oxx Oxy Oxz
o= (G,'j) = | oyx 0y Oy (3.26)

Ozx Ozy Oz

where:

oij Stress on each surface;
iandj The stress is applied on a plane perpendicular to the x; axis in the same
direction as the x; axis.

Finally, the second-order tensor of vector left dot product and right dot product is
expressed as follows respectively.

Oxx Oxy Oxz
Left dot product: i - 0 = (uy uy u; )| oy 0Oyy 0y,

Z

Ozx Ozy Oz
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N Oxx Oxy Oxz Ux
Right dot product: o - u = | oy, gy, 0y, 7 (3.27)
Ozx Ozy Oz U

The normal vector of any tiny curved surface is assumed as 7, so the stress vector
T™ on the surface is defined as follows.

_ Oxx Oxy Oyxz
T — 5. T = (nx ny nw) | oy oy 0y, (3.28)

Z

Ozx Ozy Oz

3.4.2 Discontinuous Boundary Conditions in Gas-Liquid
Two-Phase Flow

In the presence of surface tension and thermal capillary force at the gas—liquid two-
phase fluid surface, the free surface (S) tension discontinuity can be easily deduced
according to the principle of fluid mechanics.

/(Tg@ - TL(ﬁ)>dS = / 07V -7i — V,0)dS (3.29)
s K

It can also be expressed as follows.

i-Tl=i Tg —iT” =T —T/" = 6iiV - /i — Vso = okii — Vso (3.30)

where, the subscripts L and G represent liquid and gas, o is surface tension coefficient
and k is curvature. The arbitrary discontinuity A on the free surface S is [A] =
Ag — AL. Vs = (I — i), V is surface tangential derivative, and I is unit matrix.

Through careful observation of Egs. (3.29) and (3.30), it is apparent that o k7
is normal component, and Vo is tangent component. The right dot product in the
Eq. (3.30) is multiplied by the normal vector and the tangent vector, respectively,
leading to:

(n-Tg—n-Tp)-
(ﬁ-TG—n-TL .

According to the Navier—Stokes equation, the stress tensor of fluid can be
expressed as:
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p0O0O Oxx + P Oxy Oxz
co=—|10p0 |+ Oyx Oy +p 0Oy (3.32)
00p Ozx Oy Oz +Pp

where:

p  Fluid pressure, p = —1(oyx + 0y + 02.);
T Stress bias tensor.

The fluid in the weld pool is assumed as Newtonian fluid during the laser welding
process. As for Newtonian fluid, there are three assumptions: @ The stress tensor is
a linear function of the strain rate; @ Fluid is isotropic; @ When the fluid is static,
V -t is equal to 0. Thus, we can obtain:

Oui L i\ 59T (3.33)

- 20 7 LAV )
/ " 8)6‘,' 8x,~ /

where:

8ij Dirac symbol;
— T .
U=(uvw) Velocity vector.

In the process of laser welding, the metal liquid in the weld pool is generally

considered to be incompressible, i.e. V- U = 0. Therefore, the deviatoric tensor of
stress can be simplified as

r = M((vﬁ) + (VU)T) (3.34)

By substituting Eq. (3.33) into Eq. (3.30), it can be deduced that the discontinuity
caused by surface tension and thermal capillary force in gas—liquid two-phase flow
is

s =[i-1 i) =i (~p1 4 u((v0) + (v7) ")) -]

=[—p+2,u71~V7-ﬁ]:[—p]+[2uﬁ~V7~fi]

v i=[ir 7] = [ (~pru((v7) + (vﬁ)?) 7l

IR S . = R S L=
=[,un-VU~t+,ut~VU-n]=[/m-VU-t]+ ui-vU - ] (3.35)
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3.4.3 Discontinuous Boundary Conditions for Surface
Tension, Thermal Capillary Force and Recoil Pressure

Next, Eq. (3.35) is simplified to deduce the discontinuous boundary conditions used to
calculate the capturing method of boundary conditions. Several identities on viscous
incompressible fluid are given first before the discontinuous boundary conditions are
deduced.

Since the metal liquid and the metal vapor/plasma in the weld pool are all viscous
fluids, their velocities on the free interface of the keyhole are continuous. Otherwise,
the free interface will be torn or overlapped non-physically. That is, for viscous fluids,
the following equation is satisfied:

[T]=[uvw]=0 (3.36)

At the same time, because the tangential speed of two viscous fluids on the
interface is also continuous, the following equation is satisfied:

- —>
[F-vU]=(000) (3.37)
Equation (3.37) is converted into the components in three directions:

[?~ Vu] = [f Vv] = [f VW] =0 (3.38)
[Vu-i]=[Vv-i]=[Vw-]=0 (3.39)

By transforming the continuity equation V- U = 0 describing the incompressible
fluid in coordinate system i, j, k into the coordinate system 7, f, ?2, we can obtain
the following identity:

I T S

n-vVU +4,-VU -1 +t,-VU -t,b, =0 (3.40)

Based on Eq. (3.40), the following discontinuity equation can be directly obtained:
L= L R R

[i-vU ii|=-[0-vU -0 - |5 VU -B] (341)

Due to the continuous tangential speed on the interface, the following equation is
satisfied:

[z.vﬁ.;]:z.(vﬁ)c.;_;.(vv’)L.z:[;.vv’].z:o (3.42)

By substituting Eq. (3.42) into Eq. (3.41), we can obtain the following equation:
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> - S
[n-VU n] —0 (3.43)
Furtherly, based on Eq. (3.43), it can be deduced:

i-(VU) =i (VO), i (3.44)

Finally, the discontinuity item [uﬁ VU - ﬁ] in Egs. (3.44) and (3.35) can be
directly simplified into:

> - > -
[pm-VU-n]:[u]n-VU-n (3.45)

Based on the principle that the tangential speed is continuous on the interface,
combining with Eq. (3.35), the following series of equations can be easily deduced:

.=
[ml VU - n]:[u]t1~VU-n (3.46)
- — 5] - - S
[ml-vu.tl — (W -VU -4 (3.47)
- — 5] - - S
[,ul-VU-tz —[ulf-VU -5 (3.48)
- — 7 - -
[MQ-VU-n — (W -V U -ii (3.49)
- — 5] - - S
[M-VU-tl —[uwlf-VU -5 (3.50)
- — 5] - - S
|:,LL2~VU-t2 — [ulh-VU -5 (3.51)
L= S o = .
[,m VU -tl] = —[ulf - VU -7 — Vo - 1y (3.52)
= o = "
[,un VU -t2:| = _[ulh-VU i = Vo -1y (3.53)

Next, by arranging the equations from (3.45) to (3.53) into the matrix, we can
obtain the following equation:

(it i) ([uvT]) (57 72)

V=
un-VU -

. — —
n| \pn-VU -t |un-VU -t
- - - . - - .
= uty-VU -n /Lll VU -1 uty-VU -t
= - . . = S
uty - VU -n [,le VU -1 ut, VU -t
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> o772 0 0 0
[/Ln~VU~n]OO R _ . — . . — .
— 0 00 + /Lh'VU'ﬁ uty-VUu - uti-VU -t
- - - - . - - .
0 00 ut - VU -n| |ut,-VU -1 ut-VU -t
IR S L o= -
OI:,UJ’l’VU-tl:I [,un~VU~t2]
1o
0 0 0
- - - - - .
0[,ut1~VU n] [utz-VU n] 0 Viot, Vioity
—1lo 0 0 -10 O 0
0 0 0 0 0 0
- T . - T/ =\,0 o =
=(1(700)" (VU ) (7 00) +[u1(7 00)" (VT ) (i 1y )
T OVSO‘_'l VSO‘_’z
~111(700)" (VT) (0riH) =0 0 0 (3.54)
0 0 0

Based on Eq. (3.54), it can be finally deduced that the viscous stress tensor
discontinuity caused by thermal capillary force and metal vapor/plasma friction force
is:

(i1 5) (3.55)

If the influence of metal vapor/plasma is not considered, the boundary conditions
for viscous stress on the keyhole interface caused by the thermal capillary force is:

—

([;Nﬁ])f = (i 7, ) (i O 6)T(VU)(ﬁ66)(ﬁ hn)

)
- - T N IR
— [M](ﬁ _'1 _'2)(7_1' OO)T(VZI)> (Ot] l‘z)(l’l 3] Iz)T
0 V,ot; Viotp .
+(nnn)lo 0 0 |(ifh) (3.56)
0 O 0
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where:

Subscript f  free interface;
n density of metal liquid in weld pool.

In the following, the boundary conditions for recoil pressure and surface tension
on the free surface of keyhole are modeled. Firstly, according to Egs. (3.35) and
(3.45), we can obtain:

ok = pi — po +2[ulii - VU -ii (3.57)

In order to simplify, without considering the influence of metal vapor/plasma
viscosity, the equation above can be further expressed as:

- -
ok =pr—pg—2un-VU -n (3.58)

In the process of laser welding, it is generally believed that the pressure of metal
vapor/plasma inside the keyhole is approximately equal to the recoil pressure. Then
the pressure boundary conditions caused by the existence of surface tension and
recoil pressure on the free interface of the keyhole are:

pr=py+ok+2ui-VU -ii (3.59)

where:

Subscript f  free interface;
u density of metal liquid in weld pool;
Dr recoil pressure.

In this study, the recoil pressure model proposed by Semak et al. is adopted, and
the p, is expressed as:

U
pr = 0.54ABy(T)"'/? exp(—ﬁ> (3.60)

where:

A, By constant related to the material;

U latent heat of evaporation of each atom;
T surface temperature of the keyhole;

k Boltzmanns constant.
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The following temperature boundary conditions exist on the free interface of the
keyhole due to Fresnel absorption, thermal convection, radiation and evaporation

oT 4 4
kﬁ =49 — h(T - Tm) - SrU(T - Too) - pVevav (361)
where:
q density of laser energy absorbed due to the Fresnel effect, which is
determined through calculation based on the Eq. (3.11);
T, evaporating temperature;

Vevp  receding speed of the keyhole interface caused by evaporation, and this study
is determined based on the formula proposed by Ki et al.

On other boundaries of the calculated region, the following temperature boundary
conditions exist

T
kom = —h(T = T,) - g0 (T —T5) (3.62)
n

where:

h convection coefficient;
e,  black body radiation coefficient;
o Boltzmanns constant.

In this study, the flow of the metal vapor/plasma inside the keyhole is not consid-
ered. Therefore, the velocity distribution exists on one side of the free interface (i.e.
the area in weld pool and workpiece). When the Level Set method is used to describe
the motion on the keyhole interface, the velocity distribution exists on both sides
of the keyhole interface, otherwise the grids on the keyhole interface cannot satisfy
the continuity equation and the accurate transient keyhole morphology cannot be
obtained either. Therefore, in each calculation time step, it is necessary to construct a
virtual velocity value with certain numerical accuracy for grids inside the keyhole by
using the calculated weld pool velocity value to ensure that the grids on the keyhole
interface satisfy the continuity equation. When Level Set technique is used to track
the free interface, the velocity extrapolation is equivalent to solving the following
Hamilton—Jacobi equation.

—
VU -V =0 (3.63)

where: U,,;—the velocity vector obtained after extrapolation.
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3.5 Numerical Method

3.5.1 Fast Solution of Laser Beam Energy Absorbed
by Keyhole Wall

3.5.1.1 Solution for Energy Absorption Based on Line Heat Source

If only the radial component of heat transfer in the weld pool is considered, according
to Fourier heat transfer law, the heat flow on the hole wall will be:

oT

@, @) = —An VT ~ —dp - (3.64)

Through the derivative of r on both sides of Eq. (3.6), we can obtain

aT P'(r, ) cos
T _P ¢ P/[—Ko(Pr)cos ¢ + Ko(P)r)]e” "0 os¢ (3.65)
ar 27 Ay

In which
Kj(x) = —K;(x) (3.66)

In the equation: K; (x)—modified second class first order Bessel function.
If only the radial component of heat transfer is considered, the computational
formula for the heat flow on keyhole wall can be expressed as:

aT  P'(r, .
gy (r, ¢)=—)\th5 = gf) P/[Ko(P/r)cos¢ + Ki(P/r)]e” P (3.67)

By substituting the heat source intensity P’(r, ¢) for each point on the inner wall
of the keyhole into the formula above, we can obtain:

(3.68)

’ Kl(Pe/r)
qv(r,9) = (T, — Ta))\thpe <cos<p + —>

Ko(P)r)

where:

K, modified second class first order Bessel function;
qy the (radial) heat flow on keyhole wall, W m2sl;
T,  evaporating temperature of metal, K.

From Eq. (3.68), it can be seen that with the change of ¢, that is, at the points
which have different angles with the welding direction, heat flow is very different:
the heat flow on the front wall of the keyhole (¢ = 0°) is much larger than that on
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the rear wall (¢ = 180°). Therefore, the center of the laser beam is not at the center
of keyhole, but near the front wall of keyhole.

3.5.1.2 Solution for Energy Absorption Based on Fresnel Absorption

According to the established physical model for the energy interaction on laser-
keyhole wall, it is believed that the energy interaction mechanism between laser
and keyhole is mainly the primary and multiple reflection Fresnel absorption. At
present, the scholars at home and abroad in the field of laser/electron beam welding
mainly use the ray tracing method to calculate and determine the Fresnel absorption
coefficients of the keyhole wall.

Although some scholars at home and abroad have studied the Fresnel multiple
reflection absorption mechanism of the keyhole wall surface by using ray tracing
method, in most of these studies, it was assumed that the keyhole is of cone or other
simple shapes. In the actual laser welding process, the shape of the keyhole is very
complex. When the keyhole closes to produce bubbles or spatters, the topological
shape of the keyhole will change dramatically. Therefore, in order to simulate the
complicated transient evolution process of the keyhole, the established ray tracing
method must have high robustness. In addition, in order to ensure the accuracy of
numerical solution, the laser needs to be subdivided into a sufficient number of small
rays during ray tracing calculation, but the calculation speed of ray tracing calculation
will be reduced without doubt. For this reason, certain algorithm skills must be used
to guarantee the ray tracing computational efficiency in the computational process
of pore morphology evolution when mobile laser welding is carried out. Based on
the above two considerations, a fast and robust ray tracing method is proposed and
implemented in this chapter. At the same time, several examples are designed to
logically verify the rationality of the method.

(1) Laser beam subdivision

To calculate the energy density of the keyhole wall by using ray tracing method,
the laser beam needs to be subdivided first, and then the Fresnel absorption between
each beam and the keyhole wall is calculated to obtain the aggregate value.

Considering the feasibility of calculation, the following beam subdivision method
is put forward: assuming that the laser beam is incident on the surface of the material
along a certain direction in the coordinate system (z-axis direction by default), since
most of the energy is concentrated within 1-2 times the radius of the beam, each
difference grid within the beam radius can be divided into several equal parts, each
of which can be regarded as a small beam, and the energy of each beam is the average
area of the laser energy on the equally divided difference grid, i.e. the energy density
I’ of each beam after subdivision is:

I'://Io(r, Z)ds/// ds (3.69)
Q Q
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Fig. 3.1 Possible failure | I I
example of calculating the
intersection point between Laser beam

light and complex keyhole
interface by dichotomy

method Keyhole

In the equation: 2—the difference grid area after equal division;
Io(r, z)—Tlaser energy density distribution function.

(2) Robust intersection calculation for intersection point of the beam and the
keyhole

In the study, the intersection point of the small beam and the keyhole is generally
determined by dichotomy. However, when the dichotomy is adopted to solve the
intersection point of the straight line where the beam is located and the keyhole with
complex shape, the special attention needs to be paid to the situation that multiple
intersection points exist. An example of a failure to directly apply dichotomy to solve
the intersection point of the light ray and the keyhole interface is given below. In
Fig. 3.1, the bump swells on the rear wall due to the instability of the keyhole. At
this time, if the intersection point of the vertical straight line where the small beam
is located and the keyhole is directly calculated by using dichotomy method, three
different intersection points of A, B and C may be obtained according to different
situations. However, the fact is that only the first intersection point is the exact one
required for the calculation of the transient evolution of the laser welding keyhole.
Considering the above condition of multiple intersection points, the good robust-
ness must be possessed when the dichotomy is used for calculation. We shall first
determine which intersection point is needed, and then determine its exact position.
The required intersection point can be determined along the incidence direction of
the ray, and the required intersection point can be gradually approached by the focal
point or reflection point of the laser beam with a smaller step size §. In the transient
evolution process of laser welding keyhole, through many attempts, it is found that
8 = 0.5Ax (Ax is the step size of difference grid) can better meet the requirements.
In the actual numerical implementation, the following algorithm is adopted in this
study, as shown in Fig. 3.2. We might as well assume that the starting point is pp, and
the normal vector of the small beam is 72, the calculation process can be described
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Fig. 3.2 Robust dichotomy
solution algorithm

Ray Keyhole

as follows: @ ﬁ()) is shifted by the distance 6 along the normal direction, and this
position is marked as ﬁ In addition, the distance sign of this position is judged
according to the Level Set function; @ Starting from ﬁ it is continuously shifted
by the distance § until the sign of the distance field at the two positions changes;
® It might be as well to mark the two positions when the sign of distance field just
changes as p, and p,;, respectively; since the intersection point must be between
these two points, then the exact position of intersection point can be obtained by
using the dichotomy iteration method.

Since the ray tracing is all performed on the difference grid, considering that it
is difficult for the difference grid to accurately show curves and surfaces, when the
distance field of the given position is determined in the process of intersection calcu-
lation, the local distance field will be reconstructed by using the trilinear interpolation
method to improve the numerical accuracy of intersection calculation.

In addition, in the transient keyhole evolution simulation, the curvature value of
a few positions on the keyhole wall may be very large, that is to say, the normal
vector of these positions may not be defined precisely. For these positions, although
Level Set method can give a normal vector estimation value, the use of this value
to calculate the energy distribution will lead to the large difference in the energy
density of some adjacent positions on the keyhole wall, which is not conducive to
simulating the transient keyhole evolution process. Therefore, in order to improve
the robustness of the algorithm, the multiple reflection absorption at these positions
is not calculated, and only the primary Fresnel absorption is calculated.

(3) Fast calculation of beam transmission path length

Calculating the beam transmission path between the current intersection point and
the next intersection point of the laser beam on the keyhole wall is a prerequisite for
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accurately calculating the inverse bremsstrahlung absorption of the laser beam by
the plasma during CO; laser welding, or the energy absorption of the laser beam by
the metal vapor during Nd: YAG and fiber laser welding. Obviously, when the ray
tracing problem is solved by using the finite difference method, the calculation of the
length of intersecting line of the beam and any finite difference grid becomes the key
to calculating the beam transmission path value after all the finite difference grids
traversed by the beam between the current intersection point and the next intersection
point are judged.

In this study, a redundant point elimination algorithm with high computational
efficiency is proposed to calculate the length of intersecting line of the beam and the
difference grid. The flow of the algorithm is as follows: @ The intersection point set
of the beam and the straight line where the 6 sides of the finite difference grid are
located is calculated. Obviously, there are 6 intersection points at most in this set. @
The volume of the finite difference grid is slightly expanded outward, such as one
millionth, and then the points inside the intersection point set obtained in the first step
are judged sequentially to determine whether they are located in the enlarged grid. The
two points located in the grid are the intersection points of the beam and the difference
grid; @ The distance between the two intersection points is calculated, i.e. the length
of the intersecting line. Although the computation method above seems complicated,
the algorithm avoids too much conditional judgment when the intersection points are
directly calculated, which is conducive to computer calculation with high efficiency.

We might as well assume that 7, (r, z) is the power density of the laser beam at
the current intersection point, if the absorption coefficient of the metal vapor/plasma
to the laser beam is expressed by k;, then the energy density 1, (r, z) of this beam
when it is about to reach the next intersection point can be calculated by using the
following formula:

L
In(r, 2) = I, (1, 2) exp(— / kudl) (3.70)
0

In the equation: /,,—the beam transmission path calculated by the above method.

In this study, the influence of diffuse reflection is ignored, and it is assumed that
the reflection on the keyhole wall is all specular reflection. According to the principle
of specular reflection, the reflection direction of the beam can be calculated by the
following formula:

- - - ..
I, =1, +2(—1, -n)n (3.71)
In the formula: I,, I, —directions of incident beam and reflected beam,;

n—normal vector of keyhole wall.

(4) Accelerated calculation of ray tracing method when the workpiece or laser
moves
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(a) Ray tracing process (b) Cross-sectional distance field (c) Energy distribution

Fig. 3.3 Calculation example of V groove

In order to improve the calculation efficiency, when the workpiece or the laser moves,
the area directly below the laser beam is always specified (usually a small area within
twice the radius of the spot) for ray tracing calculation. For example, if the number
of grids in the whole calculation area is [0-100] x [0-100] x [0-100], the area
where ray tracing is located may be only concentrated in the small cuboid of [50-60]
x [50-60] x 100. In the actual programming implementation, generally the small
cuboid calculation area needs to be extracted separately for ray tracing calculation,
which can greatly improve the calculation efficiency and realize the real-time ray
tracing calculation inside keyholes with more complex shapes.

(5) Numerical example

In order to verify the effectiveness of this method, two numerical examples of V-
shaped groove and tapered keyhole are designed for testing. Before the energy density
is calculated, firstly 4 geometries are modeled by using the UG CAD software, and
then they are divided into the finite difference grids, which are converted into the
signed distance fields, and then the ray tracing calculation is carried out. In the
numerical testing, it is assumed that the laser shows Gaussian distribution.

As shown in Fig. 3.3a, the V groove angle is set to 60°. When the laser hits the
right surface of the groove vertically downward, according to Eq. (3.70), it can be
calculated that the reflection direction must be perpendicular to the left surface of
the V groove. Therefore, according to the specular reflection principle, the light will
return along the original way. To verify the correctness of the method, two points A
and B that do not coincide, as shown in Fig. 3.3a, are taken on the right side of the
groove cross section for ray tracing calculation. The calculated values of incidence
and reflection directions at each point are compared with the theoretical values.

Table 3.1 compares the calculated data with the theoretical data. It can be seen that
the absolute error between the incidence direction and the reflection direction of the
points A and B and the theoretical value is very small. The first incidence direction
is opposite to the third reflection direction, and the second reflection direction is also
opposite to the third, which proves that the proposed method indeed can be used to
perform reasonable ray tracing calculation on the discrete difference grid. Figure 3.3b
shows the isoline nephogram of Level Set distance field of the cross-section. It can
be seen that the normal vector of the groove bottom points to (0, 0, —1), indicating
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Table 3.1 Comparison between the calculated values of incidence/reflection directions and the
theoretical values of 60° V groove

Location/theoretical Incidence First reflection Second Third reflection
value direction direction reflection direction
direction
A 0,0, 1) (—0.866, 0, (0.866,0, — | (—2e—8,0, —
0.4999) 0.5) 0.9999)
B 0,0, 1) (—0.866, 0, (0.865,0, — | (6e—8,0, —
0.4999) 0.501) 0.9999)
Theoretical value 0,0,1) (—0.866, 0, 0.5) (0.866,0, — |(0,0,—1)
0.5)

that there is only one reflection at the groove bottom. Figure 3.3c shows the 3D
nephogram of energy distribution on the V groove surface by calculation. It can be
seen from the figure, since there is only one reflection at the groove bottom, the
maximum energy appears on both sides near the V groove bottom. Due to the small
number of reflections, the energy distribution is still basically a Gaussian distribution.
The above facts further verify the rationality of this method.

Figure 3.4a is the energy distribution diagram of the keyhole cross-section
obtained by irradiation of a laser on the wall of the conical keyhole. Figure 3.4b shows
the overall energy distribution on the upper surface. Figure 3.4c shows a cross-section
energy distribution diagram of the keyhole by assuming that the keyhole is filled
with metal vapor/plasma and the absorption coefficient of the metal vapor/plasma is
constant. It can be seen from Fig. 3.4a that due to multiple reflections, the energy
density at the bottom of the keyhole is relatively high, which can also be verified
from Fig. 3.4b. Since the metal vapor/plasma absorption coefficient is assumed to be
constant, considering the effect of multiple reflections, the energy absorbed by the
metal vapor/plasma is higher as it gets closer to the bottom of the keyhole. This is
well verified in Fig. 3.4c.

According to the results of calculation examples, it is shown that the ray tracing
calculation method proposed in this Chapter is reasonable. It can be used for Fresnel

(a) Cross-section energy density (b) Overall energy density (c) Cross-section energy density
distribution distribution distribution

Fig. 3.4 Calculation example of conical keyhole
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absorption calculation of the initial and multiple laser reflections on the wall of the
keyhole. When the metal vapor/plasma absorption coefficient and its distribution are
given, the laser energy density absorbed by metal vapor/plasma can also be calculated
reasonably.

It should be pointed out that the energy density distribution on the keyhole wall
in the actual laser welding process is closely related to the shape and size of the
keyhole, and therefore the actual energy density distribution on the keyhole wall
may be significantly different from the results of the above two calculation examples.
The above two calculation examples only discuss whether the ray tracing method
proposed can be combined with the method described in the Level Set interface
for calculation purely from the algorithmic perspective, and whether the calculation
result is reasonable, which lays a foundation for further evolution calculation of the
laser welding transient keyhole and moving weld pool.

3.5.2 Keyhole Free Surface Tracking Method

In the laser deep welding process, the morphology of the transient keyhole may be
extremely complex, and its topological shape may also change dramatically due to
the formation of bubbles and spattering. Meanwhile, using the ray tracing method
to calculate the energy density on the keyhole wall and to accurately calculate the
influence of surface tension on the behavior of the keyhole requires high precision
requirements for the calculation of the normal vector and curvature of the transient
keyhole wall. In this section, the realization process of describing the tracking keyhole
interface with the Level Set method is introduced in detail. Additionally, to overcome
the numerical dissipation of Level Set, the high-precision Level Set/Particle Level Set
interface tracking technology has important applications. This paper expounds the
technology and discusses the effectiveness of the high-precision numerical interface
tracking technique by using numerical examples.

3.5.2.1 High-Precision Level Set Interface Tracking and Solving
Technology

The Level Set Eq. (3.14) is a classical Hamilton—Jacobi equation. To reduce the
dissipation of the Level Set method itself, usually, a high-precision discrete scheme
is needed to perform a discrete solution for it. Generally, high precision means
that the truncation error of the difference scheme is at least second order to the
time and spatial steps. In recent years, high-precision schemes based on the idea of
Total Variation Diminishing (TVD), such as Essentially Non-Oscillatory (ENO) and
Weighted Essentially Non-Oscillatory (WENO), have been widely used in the Level
Set method. The idea of the TVD scheme is self-adaptively adjusting the numerical
dissipation of the calculation scheme. When the discrete approximate solution of an
unknown function has a large gradient or amplitude trend, using the TVD scheme can



90 3 Coupling Model and Numerical Computation Method of Keyhole and Weld Pool

appropriately enhance the numerical dissipation of approximate solution; conversely,
when the discrete approximate solution is relatively flat, the TVD scheme can reduce
the numerical dissipation and obtain an accurate discontinuous solution.

At present, the Runge—Kutta WENO scheme, a TVD scheme that has third-order
accuracy in time and fifth-order accuracy in space, is an effective high-precision
calculation scheme to solve the Level Set equation. This is also the main scheme for
the discrete convection equations used in this section. The following is a detailed
introduction of the discrete process of the Level Set formula using the high-precision
TVD Runge—Kutta WENO scheme.

A fifth-order WENO scheme discrete g—f is taken as an example to illustrate
the discrete process of the convective term in the Level Set equation. For the
node of (i, j, k), the direction of the velocity value at the current node position
should be determined first in the discrete process. With the idea of the upwind
scheme, the left-hand derivative ¢ and the right-hand derivative ¢ of space are
respectively taken according to the different directions. For the node of (i, j, k),
its left-hand derivative ¢ is made of the node template interpolation composed
of the following 6 nodes {di_3 k. Pi—2 ks Pivt,jks Piijks Pi1,joks Pit2 sk }»
while the right-hand derivative ¢ is calculated by the node template
{¢i—2,j,k, ¢,-_1,j,k,¢,',j,k,¢i+1,j,k,¢,-+2,j,k,¢H_3,j,k}. Assuming that the computing
grid is a uniform finite difference grid, when calculating the left-hand derivative
¢, the following are set respectively

gy = Pm2ik = dimsik (3.72)
Ax

a4y = Pilik = b2k (3.73)
Ax

i jk — i-1,jk

_ Pk —bi-1jk 3.74

a3 Ax ( )

ay = vik = ik (3.75)
Ax

as = Pir2ik = Pivijk (3.76)
Ax

When calculating the right-hand derivative ¢, the following are set

ay = 3k = vk (3.77)
Ax

gy = P2k = Gtk (3.78)
Ax

a4y = ik = ik (3.79)

Ax
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_ Pijk = Pi-1,jk

ag
Ax

(3.80)

_ Gi1jk — Pi2jk

. (3.81)

as

Three variables are then defined to self-adaptively adjust the numerical dissipation
of the scheme.

13 2 1 2
S; = E(al —2ay +az)” + Z(al —4ay + 3az) (3.82)
13 , 1 )
Sy = —(a2 —2a3 + as)” + (a2 — as) (3.83)
12 4
13 2 1 2
S; = E(ag —2a4 +as)” + 1(3614 —4as + as) (3.84)

Let B be a relatively small constant; in this study, its value is 1073 Ax. Finally,
three weight factors are defined respectively as

1 1
A= —— 3.85
'T0(S + )2 G5
6 1
= ———— (3.86)
10 (S + B)?
3 1
M= ———— (3.87)
10 (S5 + B)?
Let the weight variable be
A
W= — (3.88)
MEA+ A3

Then according to different upwind directions, the convective item 22 can be

ox
calculated using the following equation

Rlo} 1 7 +11 n 1 +5 +1
— =wliza1 — —ax + —a wli——a+ -az3+ -a
o 134~ @2t ds 1T g2t gast zas

+ ! +5 ! (3.89)
w3 3613 6614 6615 .

Similarly, g—"’ and % can also be calculated according to the above mentioned
high-precision WENO scheme.
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¢
at

of the Level Set equation. It can be conducted by calculating L(¢) = —7 -Vo. If
the Level Set function at the moment of ¢ is denoted as ¢, and as ¢! at the
moment of r + At, then the third-order TVD Runge—Kutta scheme can be used. The
process of discretizing the time item of the Level Set can be described as

After discretizing the space item, it is also required to discretize the time item

oV = O + ArL(p) (3.90)

0@ =250 ¢ Lo Ly ,m (3.91)
4 4 4
1 2 2

0@ =300+ 300+ JALEY) (3.92)

The study shows that even if the TVD Runge—Kutta WENO high order scheme
is used to discretize the Level Set equation, under some special conditions, after
several time steps, the Level Set function can no longer be maintained as a signed
distance field, and therefore errors occur when tracking the numerical interface. To
overcome this problem, after solving the Level Set equation, it is generally necessary
to re-initialize the value of the Level Set function to ensure that the function is always
a signed distance field. There are generally two ways of reinitialization, one of which
is by solving the following time-dependent partial differential equation

¢ = sign(¢o)(1 — [V)) (3.93)

and shall meet the initial conditions: ¢ (x, 0) = ¢,. Or reinitialization can be achieved
by solving the time-independent Eikonal equation

1—|Vg| =0 (3.94)

In the study, it is found that even if high order schemes, the third TVD Runge—
Kautta and the fifth-order WENO are combined to solve Eq. (3.93), when the keyhole
interface is very complex or there is a serious topological deformation, some small
errors tend to happen in solving for the signed distance field, while with Eq. (3.94),
a better interface tracking effect can be obtained. Therefore, Eq. (3.94) is used for
reinitialization.

The classical method for solving Eq. (3.94), is the fast marching method which
features NlogN complexity. In this study, the more efficient fast sweeping method
is adopted to solve Eq. (3.94). The complexity of this method is only O (N), which
is one of the fastest methods to solve the Eikonal equation, and this method is very
suitable for parallel solution. In the process of using the fast sweeping method to solve
Eikonal Eq. (3.94), in this study a first-order implicit scheme is firstly used to solve the
equation discretely. After reinitialization of the Level Set, then a third-order implicit
scheme is used to solve Eq. (3.94) for higher precision numerical calculation results.



3.5 Numerical Method 93

In the process of solving implicit equations, Gauss—Seidel iterative method is used in
this section for iterative solution. Meanwhile, in order to speed up the convergence
process, different grid sequences are adopted for iterative solution. It is proved in the
study that for the Eikonal equation, with the first-order scheme discrete Eq. (3.94),
the convergence solution can be generally obtained after 8 steps through Gauss—
Seidel iteration in different grid sequences. For third-order schemes, it is found in
this study that generally only a few steps are needed to obtain the convergent solution
satisfying the accuracy. The Gauss—Seidel iterative method needs a small calculation
amount for each iteration process, and it is very suitable for parallel calculation, so
the reinitialization efficiency is high when using the fast sweeping method.

3.5.2.2 Particle Level Set Interface Tracking and Solving Technology

Numerical dissipation is the biggest inherent defect of the Level Set method. In
recent years, the academia has proposed the CLSVOF method in which the Level
Set is combined with the VOF, and the Particle Level Set Method in which the front
tracking method is combined with the Level Set to correct the defect of the Level Set
Method. Both of the above methods have been proved to be effective in suppressing
the mass non-conservation problem of Level Set. However, the CLSVOF method
is less effective than the Particle Level Set method in the interface tracking effect.
In this study, the Particle Level Set method is adopted to overcome the quality loss
problem of the Level Set method.

The Particle Level Set method artificially arranges some massless particles with
different radii on both sides of the interface described by the Level Set, and makes
the particles move passively with the flow field, where the particle motion equation
is determined by Eq. (3.80). In the process of solving the particle motion equation,
the third-order TVD Runge—Kutta scheme is also adopted to integrate Eq. (3.80).
Since the particles can always reflect the characteristic information of the flow field,
the numerical dissipation error of the Level Set can be corrected by the position
information of the particles. In this study, particles are only arranged in two time
steps on both sides of the interface, and the initial radius of these particles x,, is set
as

"max lf Spd’(xp) > F'max
rp = sp¢(xp) lf Fmin = sp¢(xp) = max (395)
T'min lf Sp(b(xp) < Fmin

where

Tmin = 0.1AX, rmax = 0.5Ax  minimum and maximum radius of the particle;
¢(x ,,) Level Set function value at the particle position;
Sp function value of the corresponding sign of q)(x p).
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After updating or re-initializing the position of each step of Level Set function,
the value of the Level Set function needs to be corrected with the information of
particles. The basis for the correction is that if the particle that started on the positive
side of the interface goes to the negative side of the interface, then the Level Set
function shall be corrected; conversely, if the particle with a negative distance value
goes to the side with a positive distance value, a correction shall be conducted.

The most difficult part of adopting the Particle Level Set method is the increase,
deletion and re-seeding of particles. In the process of numerical calculation, due
to the influence of numerical error at the interface, the previously seeded particles
need to be deleted and re-seeded at a specific time. Obviously, there is no prescribed
rule about when to delete a particle and re-seed one. This is only related to specific
problems. In this study, it is stipulated that all particles shall be deleted and re-seeded
every certain computational time step. Besides, when the area of the tracked interface
changes greatly, it may be needed to add some particles to correct the dissipation of
the Level Set values. When the Level Set is used to track the interface, the surface
area of the interface can be accurately determined according to the following formula

S = f5(¢)|w|dv (3.96)

where 8 (¢)—Dirac function, which only has a value on the interface, and the value
is 1; and the value is 0 at any other position.

In this study, it is stipulated that when the area of the current interface is compared
with the area in the last particle seeding, once the ratio is larger than a certain critical
value, a certain number of particles will be appropriately added on both sides of the
interface on the original basis.

3.5.2.3 Numerical Examples

To verify the rationality of the Level Set and Particle Level Set interface tracking
technologies developed by the institute, two classical numerical examples, namely,
the shear flow field and notched Zalesak disc, are used to test the interface tracking
technologies developed by the institute respectively.

The example of shear flow field is mainly used to test the interface tracking
method, to check the mass conservation of the interface when the interface has shear
deformation in the flow field. The disc radius may as well be set to be 15, and the
center of the circle is at (5,75). The flow function of the flow field is

L. .
V= p 51n2(71x) 51n2(ny) 3.97)

Figure 3.5 shows the disc and shear flow field. The black part indicates the stream-
line of the flow function formula (3.97), while the blue part is the disc. 100 x 100
grid is adopted, and the time step At = 0.0004 and the space step Ax = Ay = 0.01
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Fig. 3.5 Disc and shear flow e
field

are taken. 9950 steps are figured out using the Level Set method and Particle Level
Set method respectively. Figure 3.6 shows the shape of the interface calculated by the
Level Set method. Figure 3.7 and Fig. 3.8 respectively show the interface shape and
the particle shape calculated by the Particle Level Set method. As shown in Fig. 3.6,
only a very small piece of the original blue disk is left, and most of the disk area
is dissipated. The actual shape after the 9950 steps should be the same as the inter-
face between the blue and red particles shown in Fig. 3.8, because the particles can
always truly reflect the real information of flow field and motion interface. Figure 3.6
indicates that there is a relatively serious non-conservation phenomenon when the

Fig. 3.6 After 9950 steps
are calculated (Level Set)
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Fig. 3.7 After 9950 steps
are calculated (Particle Level
Set)

Fig. 3.8 Particle shapes
corresponding to Fig. 3.7

interface is tracked by the Level Set. Figure 3.7 shows that the Particle Level Set
method can be used to better simulate the severe tear deformation of the moving

interface.

In order to further test the developed interface tracking technology, the numerical
testis carried out using the classic calculation example of Zalesak sphere rigid motion.
The so-called Zalesak disc is actually a three-dimensional sphere with a square notch.
Assuming that the sphere is in a computational space [0, 100] x [0, 100] x [0, 100]
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and the radius of the sphere is defined to be 30 unit lengths, the width and depth of
the notch are respectively 5 unit lengths and 55 unit lengths. Assuming that there is
a three-dimensional flow field in the calculation space as follows:

u(x,y,z) =n(50 —y)/314
v(x,y,z) =m(x —50)/314 (3.98)
w(x,y,z) =0

Due to the effect of convection speed, the sphere will rotate in the flow field.
For the sphere is rigid, the shape of it ideally will not change, but as a matter of
fact, the sharp corner of the notched sphere may be severely rounded due to the
influence of numerical dissipation. In the numerical test, with the calculation grid
equal to 1 unit length, the interface of the Zalesak sphere is tracked using the Level Set
method and the Particle Level Set method respectively. Figure 3.9 and Fig. 3.10 show
the numerical results calculated by the Level Set method and the Particle Level Set
method respectively. In the two figures, the left-to-right graphs sequentially represent
the initial interface of Zalesak sphere, and the interface after one rotation, after two
rotations, and after three rotations. It can be seen from the two figures that both the
Level Set and Particle Level Set method can get good results in tracking the Zalesak
interface, however it is obvious that the result of the Level Set method leads to large

OO0 00

(a) Initial interface (b) Interface after one (c) Interface after two (d) Interface after three

rotation rotations rotations

Fig. 3.9 Computation result of Level Set method for Zalesak calculation example

O 000

(a) Initial interface (b) Interface after one (c) Interface after two (d) Interface after three

rotation rotations rotations

Fig. 3.10 Computation result of Particle Level Set method for Zalesak calculation example
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numerical dissipation, while the result of the Particle Level Set method is almost the
same as the original shape.

The results of the above two calculation examples show that both Level Set and
Particle Level Set methods can achieve relatively good interface tracking effect,
but the Level Set method has larger numerical dissipation, while the Particle Level
Set method can better overcome the numerical dissipation indicated in the Level
Set method and achieve a more reasonable numerical interface tracking effect. The
realization of the above-mentioned high-precision Level Set and Particle Level Set
solutions provides an essential technology foundation for tracking the evolution of
transient pores in the laser welding process.

3.5.3 Solutions for Coupling Free Surface Flow and Heat
Transfer

The temperature field and the flow field in the motion weld pool affect each other. The
factors linking the flow field with the temperature field are the recoil pressure at the
free interface, the surface tension and the thermal capillary force, and the buoyancy
on the boundary and in the weld pool. It is difficult to solve the nonlinear, strongly
coupled free-interface flow and heat transfer model, such as deep penetration laser
welding.

The traditional solutions for coupling the flow field and the temperature field
mainly include SIMPLE method or SOLA method, and the explicit discrete method
is often adopted for solving the temperature field. It is generally believed that it’s
not efficient to use the pressure—velocity coupling correction methods such as SOLA
to calculate the flow field in the laser weld pool; it will be more efficient to use the
currently popular incompressible flow solving method—Projection. Therefore, the
Projection method is adopted for solving the flow field in this paper. In addition, in
the laser welding process, the physical dimensions of the pore and the weld pool are
very small. If an explicit method is used to discretely solve the temperature field, the
absolute time step will be 10712-10"1 s. In this case, at least 100 billion calculation
steps are required to calculate the actual laser welding process within 1 s. If one time
step is calculated per second (for current quad-core CPU, the actual calculation time
per step exceeds 1 s), it will take years to complete the calculation. Therefore, the
semi-implicit scheme with a relatively large time step available to be taken is adopted
for discretely solving the temperature field equation in this study.
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3.5.3.1 Projection Method for Solving the Flow Field of the Motion
Weld Pool

As an efficient step-by-step method for solving the incompressible Navier—Stokes
equation, an outstanding advantage of the Projection method is that when the Navier—
Stokes equation is being solved, the velocity and the pressure are decoupled during
the solution. The Projection method is based on the well-known Helmholtz-Hodege
decomposition principle: that is to say, any vector field can always be decomposed
into a Solenoidal part and an Irrotational part. In general, the incompressible Navier—
Stokes equation being solved by the Projection method can be divided into three
steps: the first step is to calculate an intermediate velocity field that does not meet
the incompressible condition; the second step is to use the intermediate velocity field
to calculate the pressure field of the next moment; at last, the intermediate velocity
field is projected into a velocity space with zero divergence by using the pressure, to
obtain an accurate velocity field. The procedure for solving the coupled Egs. (3.1) and
(3.2) using the Projection method based on the staggered difference grid technique
will be described in detail below. Figure 3.11 shows a staggered grid diagram used
in this study. In this grid, the velocity is located on the 6 planes of a finite difference
grid, while variables such as pressure, concentration and temperature are stored in
the center of the grid.

By using the time term of the discrete Eq. (3.2) of first-order forward difference
scheme, irrespective of the influence of the pressure term, the semi-discrete form of
Eq. (3.2) can be expressed as:

—
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where:

?* ~ ~ ~ Intermediate velocity field;

C(),D(),K(-) and F* Mathematical operators for convection terms, viscous
terms, Darcy terms, and buoyancy terms in discrete
momentum conservation equation.

In order to improve the accuracy of the numerical calculation, the fifth-order
~ (=
WENO scheme is used to discretize the operator in this study C ( U ") , and in order

to facilitate the loading of the viscous stress boundary conditions caused by thermal
capillary force (see Eq. (3.56)), the second-order central difference format is used

. . . . ~(5 . .
to discretize the viscosity term D( U ”). At the same time, in order to speed up

the calculation, both Darcy and buoyancy terms are discretized using the explicit
scheme. In particular, the loading of viscous stress boundary conditions on a stag-
gered difference grid is very complicated and will be discussed in detail in the next
section. Besides, there will be certain requirements on the time step if both Darcy
and buoyancy terms are explicitly processed, which will be discussed in more details
in the subsequent chapters.

Considering the effect of the pressure term, the equation is written to be a complete
discrete form, so

ﬁ)n—&-l _ _U)*
pnT = —Vvp't! (3.100)

Considering that the velocity field at time n 4+ 1 must satisfy the continuity
Eqg. (3.1), the divergence is taken from both sides of the Eq. (3.100), so:

2ol _ P o T

VephT = sz' U (3.101)
In this study, the above-mentioned pressure Poisson’s Eq. (3.101) is discretized
by the second-order difference scheme, and then iteratively solved by the high-
efficiency Incomplete Cholesky Conjugate Gradient (ICCG) method to obtain the
accurate pressure value at time n + 1. In the process of solving the pressure equation,
it is necessary to accurately consider the pressure boundary conditions caused by the
factors such as surface tension and recoil pressure at the free interface of the pores.
In addition, at other boundaries of the calculation area, the boundary of the pressure

is simultaneously set to satisfy the homogeneous Neumann condition.

p

0 3.102
™ ( )

After the pressure field at time n + 1 is calculated, the pressure field is substituted
into Eq. (3.100), and the velocity field at time n + 1 can be calculated. It is important
to note that the influence of the pressure boundary condition Egs. (3.58) and (3.102)
must be precisely considered when the pressure gradient in Eq. (3.100) is calculated
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during the back substitution process, in order to take into account of the effect of
physical conditions, such as recoil pressure and surface tension, on the motion of the
weld pool.

3.5.3.2 Solution for Temperature Field and Latent Heat Treatment
Method in the Calculation Area

Based on the above discussion, the semi-implicit method is adopted for solving the
temperature field equation (i.e., Eq. (3.3)) in this study. The semi-implicit scheme
means that the explicit scheme is adopted for discretization of all the terms except
the diffusion term. The purpose is to theoretically ensure that the time step of the
temperature field is not limited and that the system of linear equations obtained after
the discretization is symmetric positive definite. Like the discrete flow field equation
(i.e., Eq. (3.2)), the convection term in the discrete temperature field equation of
the fifth-order WENO scheme (i.e., Eq. (3.3)) and the discrete diffusion term of the
implicit central difference scheme are used in this paper, so the semi-discrete form
of Eq. (3.3) can be expressed as:

n+1 n

nen /en repn+1n+l
P Ch—— + (") = D& T

—
VU - Vo =0 (3.103)

where: C’(-) and D’(-)—Convection and diffusion operators in the discrete energy
equation (i.e., Eq. (3.3)).

When the Eq. (3.103) is discretized, the free boundary condition Eq. (3.60) and the
boundary condition equation on other boundary surfaces of the calculation area (3.61)
must be considered. After this operation, a typical symmetric, positively definite large
sparse matrix can be obtained. Here, the ICCG iterative method is again used to solve
the obtained temperature field matrix, and the new temperature field distribution on
the workpiece at time n + 1 is obtained.

In the laser welding process, the absorption of latent heat of fusion and the release
of latent heat of solidification occur all the time. In practical research, it is found that
both release and absorption of the latent heat affect the temperature at the interface
of the pores and the size of the weld pool all the time. If the latent heat is not
considered, the dynamic behavior of transient pores and weld pool during welding
cannot be accurately simulated.

In general, for latent heat phenomena such as fusion and solidification, studies have
shown that simulation can be well realized by using the temperature recovery/fall
method, the equivalent specific heat method, and the heat enthalpy method. In this
study, the temperature recovery method is used to simulate how to treat the physical
phenomenon of fusion and solidification.
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3.5.3.3 Solution for the Velocity Boundary Conditions of the Free
Surface of Pores

In general, to deal with the velocity boundary conditions of a free interface is the
most difficult step in solving the problem of free interface flow. The purpose of
dealing with the velocity boundary conditions of a free interface is to make the free
interface grid close to the pore meet the continuity equation. For the problem of the
free interface flow in tracking the interface motion using Level Set and Particle Level
Set methods, processing of this velocity boundary conditions can be equivalent to
solving the partial differential equation.

—>
VU i -V =0 (3.104)

Equation (3.104) is a typical time-independent Hamilton—Jacobi equation that can
be quickly solved by using the Fast Sweeping Method. It is found that the first-order
upwind scheme is generally used to implicitly discretize and solve Eq. (3.104), to
achieve the condition that the velocity divergence of the free boundary is zero, i.e.,
the continuity equation condition.

3.5.4 Numerical Calculation Process

In the laser welding process, laser energy distribution can be represented by the
schematic diagram Fig. 3.12. Only Fresnel absorption is initially considered during
the calculation process of the numerical solution, and the preliminary depth and shape
of the pore can be obtained. Then, based on the first step, the multi-reflection Fresnel
absorption and the inverse bremsstrahlung absorption of the plasma are comprehen-
sively considered to calculate the cross-sectional shape of the pore and the weld
pool.

Based on the mathematical model and numerical method of this paper, the numer-
ical simulation system for the corresponding laser welding transient pore and motion
weld pool is programmed in C++ language. In order to speed up the calculation, the
corresponding code is parallelized in OpenMP language. The calculation process of
the software system is shown in Fig. 3.13.

3.6 Summary

In this chapter, the energy interaction mechanism between material and laser during
deep penetration laser welding and the related factors affecting the dynamics of pores
and weld pool are systematically analyzed. With consideration of physical factors
such as Fresnel absorption, evaporation, solidification, fusion and coupled convection
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Fig. 3.12 Schematic diagram of laser welding energy absorption mechanism
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Fig. 3.13 Flow chart for numerical solution procedure

heat transfer inside the metal liquid of the weld pool, as well as important factors
such as recoil pressure, surface tension, thermal capillary force, etc., the physical
model for the deep penetration laser welding is established.

According to the physical model, the Level Set/Particle Level Set method is used
to track the free interface of the pore, and the discontinuous mathematical model
describing the coupling behavior of the transient pore and the motion weld pool
of deep penetration laser welding is innovatively established. Based on the prin-
ciple of viscous fluid mechanics, the discontinuous boundary conditions describing
factors such as recoil pressure, surface tension, and thermal capillary force, as well
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as boundary conditions, such as energy and free interface, are derived in detail. The
model can simultaneously couple and simulate transient phenomena such as three-
dimensional heat transfer, flow, and evolution of free interface of the pore in deep
penetration laser welding.

The high-precision Level Set/Particle Level Set method is used to track the tran-
sient pore moving interface. Based on this, a fast and robust computation method
is proposed to solve the energy density distribution on the wall of the pores with
any complex shapes, and the high-precision implicit scheme is used to discretely
solve the corresponding energy equation and momentum equation. Furthermore, the
corresponding discontinuous boundary conditions, such as temperature, pressure and
viscous stress, are accurately processed.



Chapter 4 ®)
Simulation of Transient Keyhole oo

and Weld Pool

Abstract This chapter introduces the three-dimensional transient keyhole and weld
pool dynamics simulated by using the self-consistent laser keyhole welding model.
Transient keyhole dynamics and its physical characteristics as a function of welding
parameters are presented. Transient weld pool dynamics under a stable keyhole as
well as an unstable keyhole condition are also characterized by high resolution numer-
ical simulations. The influence of physical factors such as multiple Fresnel reflec-
tions, thermophysical parameters and welding parameters on the coupled keyhole
and weld pool dynamics are presented.

4.1 Introduction

In deep penetration laser welding, the shape and temperature of the keyhole change
in real time with obvious instantaneity, even in the quasi-steady phase. At the same
time, the keyhole and its surrounding metal liquid extend forward with the move-
ment of the laser heat source, while the weld pool sees drastic and complex heat
transfer and flow and phase shift. At present, it is difficult to quantitatively observe
and understand the dynamics of the transient keyhole and moving weld pool by
applying the test method. Therefore, based on the effective mathematical model of
laser welding, the quantitative visual simulation analysis in this process can promote
the understanding of the physical process of laser welding and provides guidance on
the welding process.

In this chapter, we take the fiber laser welding of aluminum alloy as the research
object, and conduct numerical simulation research on the dynamics of the transient
keyhole and moving weld pool, as well as its mechanism based on the sharp model
of laser welding described in Chap. 3. By making use of the generally accepted
literature result and high-speed camera CCD test result, we at first conduct verifica-
tion calculation on the sharp interface model of laser welding established in the laser
welding process, and analyze and discuss the dynamics features of transient coupling
of keyhole and weld pool. Then, we systematically discuss the impact of different
physical factors (recoil pressure, surface tension, thermal capillary force and multiple
reflections and absorptions), different thermophysical parameters (heat conductivity
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and kinematic viscosity) and different welding technologies (spot radius, welding
speed and laser power) on the keyhole and moving weld pool coupling, and intro-
duce the stability mechanism of laser welding keyhole and weld pool, providing the
theoretical guidance for the optimization of laser welding technology in the actual
industrial application.

4.2 Transient Coupling Dynamics of Keyholes and Weld
Pool

4.2.1 Dynamic Evolution Process and Characteristics
of Keyholes

In order to study the process, a numerical simulation study was carried out on the laser
welding process of aluminum alloy. Figure 4.1 shows the keyhole depth variation
curves with the welding time when the simulated laser power is 2.5 kW and the
welding speed is 2 m/min. Table 4.1 shows the physical parameters used in the
simulation. Figure 4.2 shows the keyhole depth variation curves between 40 and
45 ms under the same process conditions. As the welding process proceeds, the
depth variation of the keyhole under the current process conditions can be divided
into three characteristic stages: (I) rapid linear depth growth; (II) fluctuating depth
growth. The growth rate in this stage is slower than that in the first stage, and decreases
gradually as the welding time increases; (III) tendency to average depth, which is,
however, subject to high-frequency oscillation. Stage I lasts only a short time, less
than 1 ms under current process conditions. The duration of stage II is approximately
12 ms. In addition, as can be seen from Fig. 4.2, under the current process conditions,
the oscillation frequency of the keyhole depth ranges from 2 to 5 kHz. The above
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Table 4.1 Default parameters used in the numerical simulation

109

Parameter Symbol Value
Density (kg/m?) P 2600
Specific heat (J/ (kg K)) Cp 1000
Heat conductivity (W/(mK)) k 90
Solidus temperature (K) T 831
Liquidus temperature (K) T, 889
Evaporation temperature (K) Ty 2790
Melting latent (J/kg) T 5.03 x 10°
Evaporation latent (J/kg) T, 1.07 x 107
Surface tension (N/m) o 1.0
Dynamic viscosity (Nm~2s) I 1.6 x 1073
Coefficient of thermal expansion (1/K) B 2.36 x 107
Surface tension temperature coefficient (N/(m K)) 3—‘; -3 x 10
Black-body radiation coefficient & 0.3
Convective coefficient (W/(m K)) h 60
Fresnel absorption correlation constant & 0.20
Ambient temperature (K) Too 300
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simulation results regarding the formation time of the keyhole agree well with the
results of the X-ray test on the order of magnitude. In addition, the results of the
keyhole depth oscillation frequency are also in good agreement with the theoretical
results of Kroos and Klein et al. and Lee et al. regarding the keyhole oscillation

frequency.
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4.2.2 Flow Characteristics of Weld Pool with Stable Keyhole

According to the research on the mechanism of keyhole stability, the scale of the
change in keyhole depth decreases when the welding speed increases or the linear
energy decreases at constant power. Therefore, deep penetration laser welding with
a stable keyhole can be implemented at a lower line energy. The simulation results
show that the welding performed at the laser power of 1.3 kW and the welding speed
of 3 m/min is deep penetration laser welding that produces stable keyholes. The
keyhole morphology and weld pool flow under this process condition are analyzed
and discussed below (Table 4.2).

Figure 4.3 illustrates the evolution of the free surface morphology of the keyhole
and its temperature field under current process conditions. During welding, the
keyhole is clearly visible and always open. Overall, its temperature field has a similar
distribution pattern to Gaussian heat source. Moreover, according to Fig. 4.3, the
temperature at the keyhole center and walls is high, approaching the boiling temper-
ature of the material. These areas experience intense evaporation, producing a recoil
pressure great enough to prevent surface tension and fluid impact force from making

Table 4.2 Laser welding process parameters

Laser type | Protective |Laser power | Focusradius | Welding | Air velocity | Shooting
gas speed speed

Fiber Arp 2500 W 0.2 mm 2 m/min | 15 L/min 4000 f/s

Fig. 4.3 Evolution of the transient free surface morphology of stable keyhole and its temperature
field 2 4.99 ms; b 11.55 ms; ¢ 16.40 ms; d 30.75 ms
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Fig. 4.4 Velocity distribution pattern on the longitudinal cross section of stable keyhole a 4.99 ms;
b 11.55 ms; ¢ 16.40 ms; d 30.75 ms

keyhole walls close. As a result, a strong flow momentum, driven by the recoil pres-
sure, could force the fluid flow in the weld pool to gush out along the keyhole walls.
Hence, the fluid flow directions near the keyhole walls are upwards and approx-
imately parallel to the keyhole walls. Meanwhile, because of the conservation of
mass, the outgoing fluid is forced to return when meeting the solid surface of the
weld pool. This flow pattern is shown in Fig. 4.4.

In recent years, Japanese scholars have studied welding processes with COs,
Nd:YAG, LD-pumped solid-state laser and fiber laser using X-ray imaging equip-
ment. They found that when the keyhole is stable and remains open, the weld pool
velocity field near keyhole walls goes upwards and nearly parallel to the walls. The
present simulation results of weld pool dynamics under the stable keyhole condition
agree with these x-ray imaging results, as shown in Fig. 4.5. This agreement suggests
that when the welding wire has low energy in deep penetration laser welding, the
keyhole keeps stable and open. It also provides evidence that the discontinuous math-
ematical model and keyhole stability mechanism put forward by the author for deep
penetration laser welding are reasonable.
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4.2.3 Flow Characteristics of Weld Pool with Unstable
Keyhole

In the welding process, it is impossible to maintain a balance between the recoil
pressure on some keyhole walls and the surface tension and the impact force of
metal liquid, so the keyhole begins to oscillate. The oscillation is manifested in the
appearance of multiple convex platforms on the keyhole walls, as shown in Figs. 4.6
and 4.7. Once a convex platform appears, its upper surface absorbs more energy
because of direct exposure to laser, while its lower surface is blocked by the convex
platform and cannot receive direct laser exposure. As a result, there is a significant
temperature difference between the upper and lower parts of the convex platform,
as shown in Fig. 4.7. In the upper part of the convex platform, the temperature is
very high and may approach or exceed the boiling point of aluminum alloy so that
this upper part experiences intense evaporation, which produces recoil pressure. The
recoil pressure will drive the metal liquid in the weld pool near the platform to move
downwards at a high speed in an attempt to close the keyhole, as shown in Fig. 4.6b—h.
At the same time, because the curvature of the keyhole walls of the convex platform
is usually large, the surface tension on these walls is also large. In addition, because
of the small keyhole radius of the platform, the above-mentioned keyhole walls are
more sensitive to metal liquid impact of the same degree. As a result of the combined
action of the above reasons, the keyhole eventually collapses and becomes two pieces.
Figure 4.7d, f show two keyholes that are about to collapse, while Fig. 4.7g shows a
keyhole that has been broken into two parts. If air enters the keyhole before fracture,
the closed area of the keyhole at the bottom will contain a bubble, and if the bubble
is captured by the solidification front, a pore defect will occur. When the keyhole is
closed, the keyhole becomes obviously shallow. However, due to the effect of laser
irradiation, the recoil pressure forces the keyhole open and drive the free interface
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(a) 0.46ms (b) 2.25ms

(c) 9.94ms (d) 10.85ms

(e) 13.07ms (f) 16.85ms

(g) 17.06ms (h) 35.72ms

Fig. 4.6 Evolution of the temperature field on the surface at laser power of 2.5 kW and welding
speed of 2 m/min
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(a) 0.46ms (b) 2.25ms

(c) 9.94ms

(e) 13.07ms (f) 16.85ms

(g) 17.06ms (h) 35.72ms

Fig. 4.7 Evolution of free interface and the distribution of weld pool velocity field
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to move in the direction of the depth of penetration, thus increasing the depth of
the keyhole again. On the other hand, the convex platform will appear again on the
keyhole walls, which facilitates the next keyhole oscillation. From Figs. 4.1 and 4.2,
it can be seen that in deep penetration laser welding, the above oscillation process
of the keyhole is repeated periodically, and because of keyhole oscillation, bubbles
are easy to form at the bottom or the middle of the keyhole.

In the past numerical simulation of the coupling behavior between the transient
keyhole and moving weld pool, foreign scholars have done some excellent research
work. Semak et al. are the first to confirm the phenomenon of convex platforms
on a keyhole wall through numerical simulation. However, their numerical model
is one-dimensional and considers only the phenomenon of convex platform on the
front keyhole wall. Lee et al. have theoretically proved that the interaction between
laser and convex platform may lead to keyhole closure and the generation of bubbles
through numerical simulation. However, this model is two-dimensional and only
suitable for stationary laser welding. Ki et al. carried out a theoretical study on the
coupling behavior between three-dimensional transient keyholes and moving weld
pools by numerical simulation for the first time. In this study, however, they failed to
visualize the process of pore generation. By comparing the present simulation results
and findings of previous researches, it is proved that the discontinuous mathematical
model proposed in this paper can be used to simulate keyhole instability and bubble
formation in deep penetration laser welding.

Figure 4.7 also shows the flow field distribution on the longitudinal section of the
weld pool during welding. The flow field in the weld pool is very complex when
the keyhole oscillates. The following analyzes and discusses several typical flow
mechanisms in the moving weld pool. First, there is a periodic high-speed downward
flow field driven by recoil pressure in the weld pool near the keyhole. Under the
current technological conditions, the maximum velocity of the characteristic fluid
dynamics can reach above 10 m/s. That characteristic flow pattern exists not only on
the front wall and both sides of the keyhole, but also on its rear wall. From Fig. 4.7¢c,
f, g, h, it can be seen that the high velocity hydrodynamics results in a strong vortex
flow state in the weld pool near the back edge at the bottom of the keyhole. The
mechanism of the vortex flow is caused by the interaction between the high-speed
downward flow and the boundary of the weld pool. In addition, generally speaking,
the vortex flow is not conducive to bubble floating, so controlling the characteristic
flow pattern may help to reduce the pore defects in the weld.

Secondly, the recoil pressure on the walls of the keyhole will cause some liquid to
flow laterally around the keyhole. This characteristic flow is distributed on both sides
of the weld pool, as shown in Fig. 4.9. Due to the existence of temperature gradient,
some liquid flows under the effect of thermal capillary force near the keyhole, as
shown in Fig. 4.8. In addition, in the vicinity of the keyhole, some liquid flows
upwards along the back wall of the keyhole due to the driving effect of the recoil
pressure, as shown in Figs. 4.8 and 4.9.

There is a strong vortex flow on both sides of the weld pool due to the interaction
of the boundary of the weld pool with transverse flow, thermal capillary flow and
upward flow driven by recoil pressure, as shown in Fig. 4.8. Finally, because the
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Fig. 4.8 A top view of velocity fields of weld pool surface at 35.72 ms in laser welding

Fig. 4.9 A longitudinal section view of velocity fields at 35.72 ms in laser welding

keyhole is always in the continuous oscillatory closure, the interaction between the
recoil pressure and the periodic convex platform on the walls of the keyhole will
produce a special periodic, characteristic flow moving upward along the back wall
of the keyhole. This characteristic motion will result in a wave-like flow state on the
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Fig. 4.10 High-speed CCD imaging results of velocity field of weld pool surface

weld pool surface. This characteristic flow state can be observed directly from the
corrugated features on the free surface near the rear side of the weld pool in Fig. 4.7h,
or from the hierarchical velocity field distribution on the weld pool surface in Fig. 4.9.
In order to verify this special wave-like flow state, the surface images of the weld
pool in a cycle from keyhole closure to re-opening are observed by using high-speed
CCD photography. The wave-like flow pattern caused by the above mechanism can
be seen, as shown in Fig. 4.10c.

Recent X-ray experiments by Japanese scholars have shown that despite the
complexity of deep penetration laser welding, when the keyhole oscillates, there
is always a strong vortex flow inside the moving weld pool near the back edge at the
bottom of the keyhole, and there is also a strong vortex on both sides of the weld pool,
as shown in Fig. 4.11. In the simulation study of weld pool dynamics at home and
abroad, the rapid downward flow near the front and both side walls of the keyhole
was confirmed theoretically by Semak et al., Lee et al. and Ki et al. However, none of
these research efforts carry out reasonable numerical simulation and predictions of
the internal vortex flow near the back edge of the keyhole. In this paper, the numerical
simulation results consistent with the characteristic flow of the weld pool observed
by the X-ray test are obtained for the first time by using the discontinuous numerical
method.
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Fig. 4.11 Internal flow trend of weld pool under keyhole instability

4.3 Effects of Physical Factors on the Coupling Behavior

4.3.1 Interfacial Force and Multiple Reflections
and Absorptions

4.3.1.1 Influence of Recoil Pressure on Coupling Between Keyhole
and Moving Weld Pool

The discussion in this section is based on two conditions, one with recoil pressure
considered and the other without recoil pressure considered. In addition, the materials
and technical parameters applied are the same as those in Sect. 4.2.2. We mainly
analyze and compare the transient shape and depth of keyholes and the flow tendency
of weld pools as well as the transient internal temperature evolution of workpieces.
In the discussion on the above recoil pressure conditions, we fully consider the effect
of other physical factors, such as surface tension, thermal capillary force, free surface
evolution, and multiple reflections on the welding process.

Figure 4.12 shows the transient free surface (can be deemed as the keyhole) shape
at 20 ms of the welding process and the simulation result of weld pool flow field
on the workpiece longitudinal section. In the figures, the color codes indicate the
temperature; the arrows show the speed and direction, while their lengths reflect the
speed value. Figure 4.13 shows the distribution of weld pool temperature field at the
same time and is the top view of the free surface shape.

It can be seen from Fig. 4.12a that without considering recoil pressure, the free
surface is in the shape of a shallow pit, and this process can be considered similar
to the conduction welding technology. There is one small vortex driven by thermal
capillary force near both the front and rear walls of the free surface, with the maximum
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(a) With recoil pressure not considered (b) With recoil pressure considered

Fig. 4.12 Free surface shape and speed distribution of weld pool (side view) under different recoil
pressure conditions at 20 ms

(a) With recoil pressure not considered (b) With recoil pressure considered

Fig. 4.13 Free surface shape and temperature field distribution of weld pool (top view) under
different recoil pressure conditions at 20 ms

speed of 1-2 m/s. With recoil pressure, the free surface (namely, the keyhole) is thin
and long, normally vibrating and much wider (refer to Fig. 4.14) than that without
considering recoil pressure. The great difference between the two conditions shows
that the recoil pressure is the root cause of deep penetration welding. Compared with
the condition without considering recoil pressure, the condition with recoil pressure
considered sees very complex fluid dynamics of weld pools during welding, and the
fluid near the keyhole free surface flows very fast, as shown in Fig. 4.12b. From
the comparative analysis, it is clear that the recoil pressure significantly influences
the dynamics of a weld pool. It is difficult to predict the high-speed dynamics of
weld pool fluid only based on thermal capillary force but without considering recoil
pressure.

According to Figs. 4.12b and 4.13b, the temperature distribution on the keyhole
wall is complex and uneven; the wall with direct laser irradiation has the highest
temperature. In consideration of recoil pressure, the keyhole vibration makes it
impossible for the laser to irradiate all the keyhole walls. In contrast, from Figs. 4.12a
and 4.13a, it can be seen that all the free surfaces are exposed to direct laser irradia-
tion if recoil pressure is not considered. Nevertheless, the size of a weld pool under
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recoil pressure is much larger than that without considering recoil pressure. This
indicates that recoil pressure promotes the absorption of laser energy by workpieces,
as shown in Fig. 4.15. From the above discussion, it is evident that recoil pressure
changes the absorption of laser by materials, and deeply influences the heat-transfer
mechanism during laser welding.

Figure 4.16 compares transient welding shape of a weld joint at 20 ms under
two above conditions. It can be seen that the weld joint without considering recoil
pressure is shallow and wide and similar to the traditional conduction weld joint;
the weld joint in consideration of recoil pressure is deep and narrow, and its shape
is a typical weld joint of deep penetration laser welding. It can be inferred that the
distinction between conduction welding and deep penetration welding lies mainly
in whether the intensive and constant evaporation occurs. In addition, the speed
comparison indicates that two symmetrical vortexes exist on the weld joint root with
recoil pressure considered; the root vortex does not exist without considering recoil
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(a) With recoil pressure not considered (b) With recoil pressure considered

Fig. 4.16 Weld joint shape comparison at 20 ms of transient welding process

pressure, further proving a significant influence of recoil pressure on the flow of a
weld pool.

Based on a comparison of the above simulation results, it can be concluded as
follows: @ recoil pressure is the key factor for the formation of a keyhole and the
implementation of deep penetration laser welding; @ intensive and constant evapora-
tion is the main basis for distinguishing between laser conduction welding and deep
penetration laser welding; ® it is difficult to predict the internal high-speed dynamics
of a weld pool by considering all key physical factors related to laser welding except
for recoil pressure; @ the recoil pressure changes the absorption of laser energy by
materials, influencing the heat-transfer mechanism during laser welding.

4.3.1.2 Influence of Surface Tension on Coupling Between Keyhole
and Moving Weld Pool

In this section, we mainly compare and discuss the behavior of keyhole and moving
weld pool with the surface tensions of 0.2, 0.6 and 1.0 N/m. In addition to the
surface tension coefficient, other parameters applied are the same as the parameters
in Sect. 4.2.2.

Figure 4.17 indicates the shape of keyhole free interface at 5 ms during the welding
with the surface tension of 0.2 N/m and 0.6 N/m, respectively. It can be seen from
the figure that as the surface tension increases, the level of the fluid flowing from
the edge of the keyhole decreases. The main reason is that a larger surface tension
indicates a smaller recoil pressure and, therefore, a smaller force driving the metal
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(a) surface tension of 0.2 N/m (b) surface tension of 0.6 N/m

Fig. 4.17 Transient free surface shape of keyhole at 5 ms during welding under different surface
tension conditions

fluid out of the workpiece surface at the same time. This theoretically proves that
surface tension is the factor hindering the formation of a keyhole.

To discuss the influence of surface tension on the keyhole vibration, we studied
the depth variation of keyhole within 17 ms during the welding with the surface
tension of 0.6 and 1.0 N/m (refer to Figs. 4.18 and 4.19). It can be seen from the
figures that, the depth evolution of keyhole can be divided into three phases: the linear
increase phase, increase phase with small amplitude vibration and high-frequency
vibration phase surrounding a relatively fixed depth. At around 12 ms, the mean
depth of keyhole under two conditions reaches a fixed value, which match with the
actual welding process.
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During the actual laser welding, the keyhole depth can be relatively fixed within
milliseconds. Therefore, the depth variation of keyhole at (12—17 ms) after the
keyhole depth is relatively stable is applied to analyze the influence of surface
tension on the transient keyhole action. It can be seen from Fig. 4.19 that, the largest
depth and smallest depth of the keyhole are the maximum with the smaller surface
tension, resulting from the fact that smaller surface tension means larger recoil pres-
sure, larger weld penetration depth and depth vibration of keyhole with other condi-
tions certain. This phenomenon can partly explain the fact that the aluminum alloy
welding with low surface tension is less stable than the steel and titanium alloy with
high surface tension. In addition, it can be seen from the figure that, the oscillation
period of keyhole depth is gradually increasing with the smaller surface tension. This
phenomenon can be explained as: the smaller the surface tension of keyhole is, the
harder it is for the keyhole to close; therefore, the longer the closure of the keyhole
takes, and the larger the oscillation period of keyhole depth is.

Figure 4.20 and Fig. 4.21 indicate the evolution curve of depth and size of moving
weld pool with welding time with the surface tension of 0.6 N/m and 1.0 N/m,
respectively. It can be seen from the figures that, from 8 ms of welding, the same
linear energy input realizes the relatively larger recoil pressure with smaller surface
tension, making the increase of penetration depth with the surface tension of 0.6 N/m
faster than that with the surface tension of 1.0 N/m; however, the sizes of weld pool
under two surface tension conditions during the initial welding phase are nearly the
same. Therefore, it can be considered that, at the initial phase of deep penetration
laser welding, certain change of surface tension with other parameters the same
have a greater influence on the geometric dimension of keyhole than on weld pool
dimension.

The analysis on the above simulation result indicates that: @ the surface tension
can hinder the formation of keyhole during deep penetration laser welding; @ under
certain conditions, larger keyhole depth, weld penetration depth and lower oscillation
frequency of keyhole depth be obtained with smaller surface tension; however, the
oscillation amplitude of the keyhole depth is larger; ® the surface tension has serious
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influence on the variation of the keyhole depth, and due to the fact that the variation
of keyhole depth indicates the keyhole instability, the surface tension has important
influence on the keyhole stability; @ compared with the keyhole dimension, the
variation of the weld pool dimension during the initial welding phase under the
studied technical condition is not sensitive to the variation of surface tension size.

4.3.1.3 Influence of Thermal Capillary Force on Coupling Between
Keyhole and Moving Weld Pool

In this section, we compare and study the transient coupling of keyhole and weld
pool with the surface tension temperature coefficient of —0.5 and —0.1 N/(m K).
In addition to the surface tension temperature coefficient, other parameters are the

same as the parameters in Sect. 4.2.2.
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(a) Coefficient of -0.1 N/(m+K) (b) Coefficient of -0.5 N/(m*K)

Fig. 4.22 The keyhole shape and speed field distribution of weld pool at 10 ms of welding with
different surface tension temperature coefficients

Figure 4.22 is the comparison figure of keyhole shape and speed field distribution
of weld pool at 10 ms of welding under two surface tension temperature coefficient
conditions. It can be seen from the figure that, the larger the surface tension temper-
ature coefficient (the thermal capillary force) is, the more intensively the metal fluid
vortex in weld pool flows at the rear keyhole edge near the upper surface of work-
pieces, indicating that the thermal capillary force can promote the flow of weld pool
in the deep penetration laser welding. This can be verified by the size of keyhole
open throat. The larger the thermal capillary force is, the stronger the impact force
of vortex flow in weld pool at the rear keyhole edge near the upper surface of work-
pieces is, and the relatively smaller the keyhole open aperture is. In addition, the
more intensively the metal fluid vortex flows at the rear keyhole edge near the upper
surface of workpieces, the stronger the convective heat dissipation of the metal fluid
there to the keyhole surrounding is, making it difficult for the laser energy to be
transferred to the deep workpieces, thus causing the relatively shallower penetration
depth with larger thermal capillary force.

Figure 4.23 is the comparison figure of surface speed distribution tendency of weld
pool at 15 ms of welding under two thermal capillary force conditions. It can be seen
from the figure that the surface speed of the weld pool is obviously larger with the
surface tension temperature coefficient of —0.5 N/(m K) than that with the surface
tension temperature coefficient of —0.1 N/(m K). This again certifies that the thermal
capillary force has an important influence on the moving weld pool dynamics of deep
penetration laser welding. However, even though the thermal capillary forces under
two conditions differ by a factor of 5, the sizes of weld pools are not much different;
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(a) Coefficient of -0.1 N/(m<K)

(b) Coefficient of -0.5 N/(m<K)

Fig. 4.23 Transient surface speed field comparison of weld pool at 15 ms of welding with different
surface tension temperature coefficients

therefore, the thermal capillary force is not the decisive factor for the formation and
growth of the weld pool, mainly due to the important effect of recoil pressure and
other factors on the formation of the weld pool.

Figure 4.24 and Fig. 4.25 show the variation curves of the keyhole depth and
the penetration depth with welding time under two kinds of thermal capillary force
conditions respectively. The smaller the absolute value of the surface tension temper-
ature coefficient, the larger the amplitude of the keyhole depth oscillation, as shown
in Fig. 4.24. The analysis suggests that it is mainly because the maximum depth
of the keyhole is relatively large at this moment. In spite of little difference in the
growth rate of the penetration depth under two different conditions, a smaller abso-
lute value of the surface tension temperature coefficient leads to weaker convection
on the surface of the weld pool, further resulting in greater penetration depth, as
shown in the Fig. 4.25.

It can be concluded based on the foregoing results that: ® The thermal capillary
force exerts an important influence on the surface velocity of the weld pool. The
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greater the thermal capillary force, the more intense the surface motion of the weld
pool, but the smaller the penetration depth; @ The thermal capillary force affects the
shape and size of the keyhole to some extent. The larger the thermal capillary force,
the smaller the radius of the keyhole opening, the keyhole depth and the change of
the keyhole depth; ® The thermal capillary force is not the decisive factor to form
the weld pool, despite its important influence on the coupling between the keyhole
and the weld pool.

4.3.1.4 Influence of Multiple Reflections on Coupling Between Keyhole
and Moving Weld Pool

With the deep penetration laser welding process studied in Sect. 4.2.2 as the object,
the coupling between the keyhole and the moving weld pool is studied under one-time
multiple reflections and absorptions and complete multiple reflections and absorp-
tions, respectively. In this section, the term “complete multiple reflections” refer to
that when reflected repeatedly inside the keyhole, any of the beams has its energy
attenuated to 1% of its initial value or leaves away from the inside of the keyhole. In
either condition, the coefficient ¢ in Fresnel absorption formula is 0.25.

Figure 4.26 shows the variation curves of the keyhole depth with time under two
multiple reflection conditions. As shown in the figure, the keyhole depth presents
the basically same variation trends with time under both the one-time reflection
condition and the multiple reflection conditions; the same is true for the maximum and
frequency of the keyhole depth oscillation. This means that under the current process
conditions, the energy absorbed by the initial Fresnel and the first reflection Fresnel
is significantly higher than that absorbed by the subsequent multiple reflections.

Figure 4.27 and Fig. 4.28 show the variation curves of the weld penetration depth
and the weld pool volume with welding time under two multiple reflection absorption
conditions respectively. According to the figures, the variation curves of the weld
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(a) One-time multiple reflection (b) Complete multiple reflection

Fig. 4.29 Shape of the keyhole and velocity field distribution of the weld pool at 20 ms of the
welding under different multiple reflection absorption conditions

penetration depth and the weld pool volume with time when only one-time multiple
reflection absorption is considered substantially coincide with those when complete
multiple reflection absorption is considered. The two results demonstrate again that
the energy absorbed by the initial Fresnel and the first reflective Fresnel accounts
for a dominant position in the total laser energy absorbed under current process
conditions.

Figure 4.29 shows the comparison between the longitudinal section velocity distri-
bution of the weld pool and the shape of the keyhole at the welding moment of 20 ms
under two multiple reflection absorption conditions. It can be seen from the figure
that the size of the weld pool on the cross section, as well as the speed of the weld
pool, is basically the same under the two conditions; meanwhile, the partial shape of
the keyhole is also basically the same.

The foregoing simulation results reveal that the energy absorbed by the wall
surface of keyhole during deep penetration laser welding under certain conditions
may depend heavily on the initial Fresnel absorption and the first and second multiple
reflection Fresnel absorptions. In recent years, in-depth research has been conducted
by Jin Xiangzhong et al. on the Fresnel absorption mechanism of deep penetration
laser welding of CG17 glass based on the keyhole shape observed through tests. Their
results also prove that the keyhole depth has an insignificant impact on the Fresnel
absorption during deep penetration laser welding, while the bending degree (namely,
angle of incidence) of the keyhole greatly affects the Fresnel absorption; besides, the
repeated multiple reflections contribute little to the total energy absorbed by the wall
surface of the keyhole. The experimental study launched by Fabbm et al. recently
indicates that the front wall surface of the keyhole achieves a laser absorption rate
of 60-80%. Therefore, they also believe that it is enough to consider the one-time
multiple reflection absorption under general process conditions. The study analysis
suggests that the aforesaid results are attributable to the following two reasons: @ In
deep penetration laser welding, the keyhole will always be in a state of oscillation,
and the periodic bump on the wall surface of the keyhole will block the incidence of
some laser beams in the direction of depth, thus keeping such beams above the bump,
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regardless of multiple reflection or direct incidence; @ Fresnel absorption is closely
associated with the angle of incidence, and the beams incident along the wall surface
of the keyhole tend to reflect repeatedly inside the keyhole. Such beams are usually
far from the center of the light spot, and thus carry less energy. Consequently, the
multiple reflection absorption of such beams contributes little to the energy absorption
of the wall surface of the keyhole.

4.3.2 Thermophysical Parameters

4.3.2.1 Influence of Thermal Diffusion Coefficient on Coupling
Between Keyhole and Moving Weld Pool

This section mainly studies the influence of thermal diffusion coefficient o (¢ =
k/(pcp)) on the transient coupling between a keyhole and moving weld pool during
deep penetration laser welding. The following two cases of @ = 1.769 x 107> m?/s
and @ = 6.923 x 107> m?/s are mainly considered. Other parameters involved in the
simulation process are consistent with those in Sect. 4.2.2.

Figure 4.30 shows the shape of the keyhole and the longitudinal section velocity
distribution of the weld pool at the welding moment of 15 ms under two different
thermal diffusion coefficient values. The smaller the thermal diffusion coefficient,
the greater the keyhole depth and the penetration depth, and in the event of a large
thermal diffusion coefficient, the weld pool significantly narrows close to the front
wall surface and the back edge of the keyhole, as shown in the figure. Besides, the
lower the thermal diffusion coefficient, the faster the flow rate of the weld pool near
the keyhole. Figure 4.31 shows the temperature field and velocity field distribution
on the surface of the weld pool at the same moment shown in Fig. 4.30. The smaller
the thermal diffusion coefficient, the smaller the width and length of the weld pool,

(a) &=1.769 x10-*m¥s (b) @=6.923x10~*m%/s

Fig. 4.30 Shape of the keyhole and the longitudinal section velocity field distribution of the weld
pool at the welding moment of 15 ms under different thermal conductivity values
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(a) «=1.769 %10~ m?/s (b) @=6.923x10-*m%/s

Fig. 4.31 Temperature field and velocity field distribution on the surface of the weld pool at the
welding moment of 15 ms under different thermal conductivity values

but the greater the temperature gradient on the surface of the weld pool, as shown in
Fig. 4.31.

The process curves of keyhole depth and weld width with time are indicated in
Fig. 4.32 and Fig. 4.33 respectively. A smaller thermal diffusion coefficient leads to
a larger keyhole depth, which may further result in more violent oscillation of depth,
as shown in Fig. 4.32. However, it can be seen from the figure that a smaller thermal
diffusion coefficient leads to a smaller change in the keyhole depth, which means that
the welding process is steadier at this time. Further analysis suggests that a smaller
thermal diffusion coefficient results in a smaller range of flow of the weld pool in the
process of welding weld pool formation, and the metal liquid inside the weld pool
is greatly affected by the solid-liquid boundary layer effect of the weld pool, which
mitigates the positive impact of the weld pool metal liquid on the wall surface of the
keyhole, thereby improving the stability of the keyhole to a certain extent. As shown
in Fig. 4.33, the larger the thermal diffusion coefficient, the faster the increase rate
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of the weld pool width (that is, the weld width), meaning the relative stable width
value can be achieved at an earlier time.

The above results indicate that: @ The thermal diffusion coefficient exerts a great
influence on the transient behavior of the keyhole and the moving weld pool during
deep penetration laser welding; @ In case that other parameters are same, the alloy
with lower thermal diffusion coefficient (such as stainless steel and titanium alloy)
is easier to form deep and narrow weld profile (namely, penetration fusion welding)
than the alloy with higher thermal diffusion coefficient (such as aluminum alloy);
® A reduction in the thermal diffusion coefficient can improve the stability of the
keyhole depth oscillation under certain conditions.

4.3.2.2 Influence of Kinematic Viscosity on Coupling Between Keyhole
and Moving Weld Pool

In case of the same welding processes and calculation parameters as Sect. 4.2.2, the
behaviors of the keyhole and the moving weld pool during deep penetration laser
welding are compared and analyzed under the two cases of kinematic viscosity (ratio
of dynamic viscosity coefficient to density), v = 1.846 x 107® m?/s and v = 15.38
x 1070 m?/s.

Figure 4.34 shows the shape of the keyhole at the welding moment of 15 ms under
two kinematic viscosity conditions, as well as the longitudinal section velocity and
temperature distribution of the weld pool. It can also be seen from the figure that
a smaller kinematic viscosity leads to a greater flow velocity inside the weld pool,
meaning more intense flow inside the weld pool. Because of the effect of convective
heat transfer, a smaller kinematic viscosity leads to a faster heat dissipation near the
keyhole area, further resulting in a shallower depth of the keyhole.

Figure 4.35 shows the temperature field distribution on the surface of the weld pool
at the welding moment of 15 ms under different kinematic viscosity values. It can
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(a) v=1.846 x10-m?/s (b) v=15.38%10"5m?/s

Fig. 4.34 Shape of the keyhole and the longitudinal section velocity distribution of the weld pool
at the welding moment of 15 ms under different kinematic viscosity values

(a) v=1.846x10"*m?/s (b) v=15.38x10"*m%s

Fig. 4.35 Temperature field and velocity field distribution on the surface of the weld pool at the
welding moment of 15 ms under different kinematic viscosity values

also be seen from the figure that, in case of small kinematic viscosity, the velocity on
the surface of the weld pool is significantly high, which means the flow on the surface
of the weld pool is more intense. Because of the effect of convective heat transfer,
a smaller kinematic viscosity results in a larger surface area of the weld pool at the
exact same moment. Figure 4.36 shows the variation curves of the keyhole depth with
welding time under different kinematic viscosity values. In the stage of 4—-10 ms of
keyhole formation, the larger the kinematic viscosity, the larger the amplitude of
the keyhole depth oscillation, as shown in Fig. 4.36a. After the average depth of the
keyhole becomes relatively stable, the amplitude of the keyhole depth oscillation gets
smaller in the event of large kinematic viscosity under the current study conditions,
as shown in Fig. 4.36b. It is because that, in the early stage of keyhole formation,
the flow with small kinematic viscosity inside the weld pool exerts a small impact
force on the wall surface of the keyhole, thanks to the effect of friction between
solid and liquid phases; after formation of the keyhole, the flow range inside the
weld pool increases. At this point, the metal flow with small kinematic viscosity
inside the weld pool exerts a more obvious impact force on the wall surface of the
keyhole, thus causing an increase in the amplitude of the keyhole depth oscillation.
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Fig. 4.36 Variation curves of the keyhole depth with welding time under different kinematic
viscosity values

Therefore, the kinematic viscosity has no absolute monotonic function relationship
with the keyhole depth oscillation, despite its important influence on the keyhole
depth oscillation.

The foregoing results show that: @ The kinematic viscosity can greatly affect
the flow behavior of the weld pool in case of deep penetration laser welding. The
smaller the kinematic viscosity, the larger the weld penetration depth, but the gentler
flow on the surface and interior of the weld pool; @ The kinematic viscosity also can
greatly affect the behavior of the keyhole depth oscillation in case of deep penetration
laser welding, but there is no monotonic function relationship between the kinematic
viscosity and the keyhole depth oscillation.

4.3.3 Welding Process Parameters

4.3.3.1 Influence of Welding Speed on Coupling Between of Keyhole
and Moving Weld Pool

In the event of the constant laser power of 3 kW in the simulation, the behaviors
of the keyhole and the weld pool are studied under the three process conditions of
welding speed of 2, 3 and 4 m/min. Other parameters used under the three process
conditions are consistent with those in Sect. 4.2.2.

Figure 4.37 shows the change process of the keyhole depth with welding time
under a constant power and different welding speeds. It can be seen from the figure
that a lower welding speed leads to a larger average depth of keyhole. Moreover, in
the stage of high-frequency oscillations around a relatively fixed depth, the keyhole
depth oscillation has a small periodic variation under the current several process
conditions, but the amplitude of oscillation gradually decreases with the increase of
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Fig. 4.37 Variation curves of the keyhole depth with welding time at different welding speeds

welding speed. It is mainly because that the increase in the welding speed lowers
the average depth of the keyhole and improves the stability of the keyhole, making
a small change in the amplitude. The constant surface tension coefficient under the
three conditions makes a small periodic variation of the keyhole depth oscillation.

Figure 4.38 shows the temperature distribution on the surface of the workpiece
at the moment of 25 ms at the welding speed of 2 m/min and 3 m/min respectively.
According to the figure, with the increase of the welding speed, the weld pool gets
narrower and longer at the same time. Besides, from the perspective of the temper-
ature gradient, the temperature gradient on the surface of the weld pool becomes
smaller with the increase of the welding speed. In spite of different welding speeds,
the laser energy presents Gaussian distribution, which makes the surface temperature
field distribution close to the moving Gaussian distribution pattern at each welding
speed condition.

Figure 4.39 is the contrast diagram of keyhole shape and velocity distribution
of weld pool longitudinal section at 25 ms with the welding speed of 2 m/min
and 4 m/min respectively. According to the figure, as the welding speed increases,
the penetration depth gradually decreases, and the flow of the weld pool is also

(a) 2m/min (b) 3m/min

Fig. 4.38 Comparison diagram of temperature field distribution on the surface of the weld pool at
the welding moment of 25 ms at different welding speeds
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(a) 2m/min (b) 4m/min

Fig. 4.39 Comparison of keyhole shape and velocity distribution of weld pool longitudinal section
at 25 ms with different welding speeds

significantly weakened. More notably, the vortex flow near the trailing edge of the
bottom of the keyhole gradually decreases as the welding speed increases. Over-sized
penetration depth and strong vortex flow at the bottom of the weld pool go against
bubble floating, thus increasing the welding speed may contribute to an increase in
the probability of bubbles overflowing from the weld pool.

The above simulation results can be concluded as follows. @ welding speed has
a significant effect on the depth dimension and variation of depth dimension of the
keyhole, the size of the weld pool, the velocity of the weld pool and the temper-
ature gradient inside the workpiece; @ under certain conditions, as welding speed
increases, the amplitude of the keyhole depth oscillation significantly decreases, but
the influence on the oscillation period of the keyhole depth is not obvious; ® under
certain conditions, as welding speed increases, the penetration depth and the flow
speed of the weld pool decrease, and the vortex flow in near the trailing edge of the
bottom of the keyhole decreases.

4.3.3.2 Influence of Laser Power on Coupling Between Keyhole
and Moving Weld Pool

In the numerical simulation, the laser power was 1.3, 1.5 and 2.0 kW and the welding
speed was 3 m/min. Other parameters are the same as those in Sect. 4.2.2

Figure 4.40 illustrates the variation of the keyhole depth with the welding time
under different laser powers. According to the figure, the higher the laser power, the
earlier the keyhole forms. And the growth rate of the keyhole depth also increases with
the increase of laser power in the forming stage. In addition, when the keyhole depth
reaches a relatively stable average value, the oscillation of the hole depth increases
with the increase of laser power, but the change of the oscillation period is not
obvious. It mainly lies in that under the same condition, the larger the laser power,
the deeper the average keyhole depth, thus the greater the oscillation of keyhole
depth. As can be seen from Sect. 4.3.1, the oscillation period of keyhole depth is
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Fig. 4.40 Variation curve of keyhole depth under different laser powers

greatly influenced by the surface tension coefficient. Nevertheless, the surface tension
coefficient of the aforementioned technical conditions is a certain value, resulting in
less obvious periodic change. Figure 4.41 compares the keyhole shape and velocity
field of the weld pool longitudinal section at 20 ms with the laser power of 1.5 kW
and 2.0 kW respectively. According to the figure, as the laser power increases, the
weld penetration depth increases; meanwhile, the vortex flow in the weld pool near
the trailing edge of the bottom of the keyhole significantly increases.

According to the comparison and discussion of the simulation results above, it can
be concluded as follows. @ with the increase of the laser power, the growth rate of the
keyhole depth increases in the keyhole formation stage; @ under certain conditions,
with the increase of laser power, the amplitude of keyhole depth oscillation gradually
increases, but the change of the oscillation period is not obvious; ® under certain
conditions, the vortex flow in the weld pool near the trailing edge of the bottom of
the keyhole significantly increases with the increase of laser power.

(a) Laser power 1.5 kW (b) Laser power 2 kW

Fig. 4.41 Comparison of keyhole shape and velocity field of the weld pool longitudinal section
under different laser powers
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4.3.3.3 Influence of Spot Radius on Coupling Between Keyhole
and Moving Weld Pool

Under the condition that other welding technical parameters and calculation param-
eters are the same with that in Sect. 4.2.2, the following study mainly focuses on the
transient behavior of the keyhole and the moving weld pool under the condition that
the spot radius is 0.3 mm and 0.4 mm, respectively.

Figure 4.42 illustrates the variation of the keyhole depth with time under two
spot radii. As can be seen from the figure, with smaller spot radius, the laser power
density is higher, thus the speed of keyhole forming is faster and the average depth
and maximum depth of the keyhole are deeper. In addition, as the light spot is small,
the depth of the keyhole is deeper, and the amplitude of the keyhole depth oscillation
increases compared with the condition of the larger spot, as shown in Fig. 4.42a.
However, under the current technical condition, the variation trend of the frequency
of the keyhole depth oscillation is not obvious with the change of the spot radius,
as shown in Fig. 4.42b. According to Sect. 4.3.1, the frequency of keyhole depth
oscillation is greatly influenced by the surface tension coefficient. Thus, under the
current technical condition with the same surface tension coefficient, there is less
obvious depth oscillation frequency with two spot radii.

Figures 4.43 and 4.44 show the variation of weld penetration depth and weld
pool volume with welding time under two spot radii. According to the figures, as
the spot radius increases, the distribution of laser power is more scattered and the
power density is lower, leading to lower weld penetration depth and its growth speed.
In addition, under the current technical condition, when the spot radius increases,
although the penetration depth at this time decreases, the width of the weld pool will
be larger, making a slight difference of weld pool volume under two spot radii in the
keyhole formation stage (welding time <12 ms). However, as the welding process
goes on, the contribution of penetration depth to volume takes advantage. Therefore,
at 12-20 ms after the average keyhole depth stabilizes, with the smaller spot, the
volume of weld pool is larger and the volume value grows faster. At the same time,
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Fig. 4.42 Variation curve of keyhole depth under different spot radii
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the change of spot also influences the penetration depth and width. And according
to Fig. 4.44, it is clear that there is no monotonic relationship between the weld pool
volume and spot radius.

According to the comparison and discussion of the simulation results above, it
can be concluded as follows. @ spot radius is highly related to penetration depth;
specifically, the larger the spot, the shallower the penetration depth; @ the larger the
spot, the less amplitude of keyhole depth, but the change of the oscillation period is
not obvious; @ spot radius has a great influence on weld pool volume, but there is
no simple monotonic relationship between them.
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4.4 Summary
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For the first time, the numerical simulation visually reveals the unsteady three-
dimensional transient keyhole behavior and the flow field inside the weld pool
that are in line with the X-ray penetration test result, and it is found that the
keyhole instability is closely related to the periodic boss on the pore wall. The
boss is caused by the imbalance of the recoil pressure, and surface tension of
the wall surface of the keyhole and the impact force of the fluid. The instability
of the keyhole leads to periodic closing of the keyhole, forming bubbles at the
bottom or middle of the keyhole, thus causing high-frequency oscillation of
the keyhole depth.

By means of visual numerical simulation, stable keyhole shape and corre-
sponding fluid dynamics behavior in the weld pool that are in line with the
X-ray are penetration test result obtained for the first time. When the keyhole
is stable, the flow velocity near the keyhole wall is almost parallel to the hole
wall and moves upward.

Recoil pressure is the key factor to form keyhole and obtain deep penetration
laser welding. Intense and persistent evaporation is the main factor to distin-
guish conduction welding from deep-penetration welding. With less surface
tension, the oscillation frequency of keyhole depth is low, but the amplitude
of keyhole depth oscillation is higher. The thermal capillary force has great
influence on the speed of weld pool surface. The larger the thermal capillary
force, the more intense the weld pool surface movement, but the penetra-
tion depth is smaller. Although thermal capillary force has great influence on
keyhole and weld pool coupling, it is not the decisive factor for the forma-
tion of the weld pool. In general, the energy absorbed by the keyhole wall is
mainly determined by the initial Fresnel absorption and the first and second
multiple reflection Fresnel absorptions. With the same other parameters, the
alloy welding process with low thermal conductivity is more stable, but there
is no simple monotonic function relationship between the dynamic viscosity
and keyhole stability. Under certain conditions, appropriate improvement of
welding speed, reduction of welding power, and an increase of spot radius, i.e.,
reduction of line energy and power density can effectively reduce the amplitude
of keyhole depth oscillation, to obtain deep penetration laser welding without
keyhole oscillation. However, appropriately reducing line energy and power
density has a slight influence on the oscillation period of keyhole depth.



Chapter 5 )
Dynamic Behaviors of Metal e
Vapor/Plasma Plume Inside Transient

Keyhole

Abstract This chapter introduces the time dependent plasma/plume dynamics
inside the keyhole during laser welding. Mathematical models of the transient high-
speed plasma/plume dynamics based on compressible Euler flow assumptions are
given. Characteristics of the time dependent plasma/plume behaviors such as uneven
distribution, multiple flow directions, strong oscillations and local evaporations at
keyhole wall are found and discussed by numerical simulations.

5.1 Introduction

At present, investigation of metal vapor dynamic behaviors in transient keyholes
during deep penetration laser welding is very limited. Due to small size of the keyhole,
and high temperature and drastic changing of metal vapor in the keyhole, it is quite
difficult to detect the physical state of metal vapor inside the keyhole during welding
process by experimental method. Numerical simulation of metal vapor in the keyhole
may provide an effective method for better understanding the welding process. Based
on the physical process and experimental results of laser welding and the keyhole
profile and weld pool flow patterns consistent with the experimental results of X-
ray, and with compressibility of the metal vapor and effect of recoil pressure and
ambient pressure taken into account, a mathematical model is established to describe
the dynamical behaviors of metal vapor inside a keyhole during deep penetration
laser welding, and corresponding boundary conditions for compressible gas—liquid
interface in line with the physical reality are derived.

During laser welding, the moving weld pool, transient keyhole and compressible
metal vapor are closely related. The dynamic behaviors of metal vapor in the transient
keyhole exert an effect on the variation of the weld pool and the evolution of the
keyhole, thus affecting the quality of the whole welding process. The moving state of
metal vapor in the keyhole is a link between the shape of the vapor outside the keyhole
and the morphology of the keyhole and the welding quality, and its kinetic study is
helpful to realize on-line monitoring by high-speed video recording. The simulation
study on the properties of metal vapor in the keyhole and the experimental study can
guide and draw lessons from each other. The dynamic state of metal vapor in the
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keyhole is compared under different welding process conditions. At the same time,
the spouting velocity and oscillating degree of the metal vapor at the opening are
studied under both steady and unsteady welding conditions. The results are helpful
to guide the design and optimization of laser welding process.

5.2 Dynamic Model of Metal Vapor/Plasma in Transient
Keyhole

Because the process of deep penetration laser welding is very complicated, in this
model, the main influencing factors in deep penetration laser welding process are
considered, the secondary factors are ignored, and the model is simplified on the
premise of accurately and reasonably describing the welding process. In order to
improve the efficiency of simulation calculation. The following specific assumptions
are made:

(1) The molten metal liquid is considered incompressible and the mixed phase
model is used for the solid-liquid interface treatment.

(2) The metal vapor produced during welding is an ideal compressible gas, the
density of which varies with time and position, with the effect of viscosity
ignored.

(3) At the gas-liquid interface of the keyhole, the effect of the Knudsen layer is
not considered for the gas phase boundary, while the refraction, reflection and
absorption of metal vapor to the laser are taken into account for the laser energy
distribution in the keyhole.

(4) Itis assumed that the main driving force of metal vapor is the surface pressure
of coupling ambient pressure and recoil pressure.

(5) The effect of the protective gas added in the actual welding process on the
whole laser welding process is ignored in the study.

5.2.1 Governing Equations

(1) Governing equations of transient keyhole and moving weld pool behaviors

Accurate dynamic keyhole profiles and surface temperature distributions serve as the
basis for modeling the metal vapor dynamics during laser welding. These physical
characteristics can be determined by free surface heat transfer and fluid flow calcula-
tions of weld pool. The equations of mass conservation and momentum conservation
depicting the heat transfer and fluid flow of the liquid metal in the study are as
follows:

—
V.-U;=0 (5.1)
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where: Subscript /—Molten liquid in weld pool;

I_J) 15 P1, p1, Ti—Velocity vector, density, pressure, temperature of the liquid metal
in the weld pool;

u—Viscosity;

k;—Thermal conductivity;

T,.r—Reference temperature;

?—Acceleration of gravity;

B, c,—Diffusion coefficient, specific heat capacity;

K—Seepage coefficient.

In laser welding, drastic topological variations of keyhole profiles could occur
throughout the welding process. Here, the Level Set method is used to track the
evolution of keyhole’s free surface. The free interface of the transient keyhole can
be depicted by the following equation:

00 —
E—FUI.V(?:O (5.4)

where ¢p—Distance function based on Level Set method.
The normal vector 7 and the curvature value « at any point on the surface of the
keyhole can be obtained by the following formulas:

I

= 5.5
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(2) Dynamic governing equations of compressible metal vapor in transient keyhole

Here, Euler equations are used to depict the compressible inviscid metal vapor in the
keyhole, and the matrix form of the governing equations is expressed as follows:

— — — —
dQ oF 0G 8H_—S>

T T 5.7
8t+8x+3y+az 7

where
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p—Density of metal vapor;

u—Velocity component in X direction;

v—Velocity component in Y direction;

w—Velocity component in Z direction;

p—Pressure;

T—Temperature;

E—Total energy;

kg—Thermal conductivity of metal vapor;

Ir—Laser energy density, usually assumed as a Gauss distribution;

n—~Coefficient with absorption and scattering of laser energy by metal vapor taken
into account.

From the state equation of ideal gas, we can get:

1
p=pRT = —1) x(E— 5p(u2 +v) (5.8)

where R, = R/M,;
R,—Constant of ideal gas state;
M,—Molar mass of the metal vapor;
y—Specific heat ratio.

5.2.2 Boundary Conditions

Figure 5.1 is a schematic illustration of the boundary conditions of the weld pool,
keyhole, and metal vapor coupling in the deep penetration laser welding process. The
laser welding process involves multiple physical phenomena and can be divided into
multiple phases, and features complex momentum and energy coupling boundary
conditions between laser beam, material and the ambient environment, including
energy increased due to Fresnel absorption of the laser beam and vapor energy loss
due to radiation and convection. Moreover, evaporation and condensation usually
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Fig. 5.1 Schematic illustration of coupling boundary conditions in deep penetration laser welding
process

take place simultaneously on different locations due to the difference of temperature
distribution on the wall of the keyhole. The detailed settings of coupling boundary
conditions for the proposed multiphase model of laser welding are as follows.

5.2.2.1 Boundary Conditions for Transient Weld Pool and Keyhole

The latest research shows that the discontinuous boundary method can obtain better
simulation results of the weld pool and keyhole. Based on the discontinuous boundary
model proposed by Pang Shengyong, the effects of ambient pressure, recoil pressure,
surface tension and Marangoni force on the boundary of weld pool and keyhole are
coupled, so the momentum boundary conditions of the wall of the keyhole in the
model can be expressed as follows:

—
pr=ps +8k+2uH U -7 (5.9)

— —
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where p,—Pressure at free interface;

pr—Recoil pressure;

§—Surface tension coefficient;

7 —Normal unit vector of area differential element of the liquid metal near the
free interface of the keyhole;

t, t 2—Two tangentlal unit vectors that are perpendicular to each other;

V, = (I — 7 1 )V—Surface gradient operator;

VxU—Marangom force.

Most of previous mathematical models for laser welding did not address the effect
of ambient pressure. Recently, however, this effect has been identified as a significant
factor for keyhole evaporation. According to studies Pang Shengyong and others,
dynamic evolution of the keyhole is driven by surface pressure of the interface, i.e.,
the joint force of recoil pressure and ambient pressure. The surface pressure pg can
be expressed by the following formula:

patm 0 = Tgb = TL
o =1 P Pum exp(Re(1 = £2)) +00 > Ty = T (5.11)
Pc(Tgb) Ty < Top < Tk

where p,;,—Standard atmospheric pressure;
kg—Boltzmann constant;
T,—Boiling point under normal atmospheric pressure;
Br—Fraction of re-condensed vapor;
T,p,—Temperature of metal vapor near the free interface of the keyhole;
A H,—Entropy of evaporative phase change.
AH, and p.(T) can be calculated by formulas (5.11) and (5.12).

AH, =mL, (5.12)

where m—Atomic mass;
L,—]latent heat of vaporization.

pe=Ty) = ax® +bx*> +cx+d (5.13)

De(Tgp) is a geometric smooth curve, as indicated by the red line in Fig. 5.2. T,
and T represents temperature values at tangent points respectively. The values of
Tr, Ty, a, b, c and d are given in Table 5.1.

Multiple reflections, convection, radiation, and evaporation and cooling on laser
energy of the surface of the keyhole are considered, and the temperature boundary
conditions can be expressed as follows:

aT;
ki ﬁ =q— (T = Ty) — &0(T}' = Tpe) — pVesp Lo (5.14)
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Table. 5.1 Relevant parameters of surface pressure model in laser welding of 304 stainless steel
Ambient pressure T./K Tr/K a b c d
1 bar? 2950 3600 9.88E—4 —8.63 2.51E4 —2.43E7

21 bar = 100 kPa

where g—Heat flux due to multiple Fresnel absorption;

h—Heat transfer coefficient for air convection;

e—Black-body radiation coefficient;

o,—Stefan-Boltzmann constant;

T—Ambient temperature;

Vevp—Interface recession speed due to evaporation.

Boundary temperature conditions for other boundaries can be expressed as
follows:

07,
ka—_i = —h(T} — Tx) — &,0,(T} — T2) (5.15)
n

5.2.2.2 Dynamic Boundary Conditions on the Hole Walls of Metal
in the Keyhole

The keyhole keeps oscillating in the deep penetration welding process resulting in
real-time dynamic changing of temperature distributions on the wall of the keyhole.
Therefore, the area of evaporation on the wall of the keyhole is changing with the time.
To treat this phenomenon rationally, a temperature-dependent dynamic boundary
conditions are proposed for dynamic modeling of compressible vapor in the keyhole.
The principle is as follows: The vapor-liquid interface is divided into evaporation
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region and condensation region for each transient state; based on the temperature
value on the wall of the keyhole, if the temperature of a certain local position is
higher than a certain value (set around the boiling point in this paper), it is set as the
evaporation boundary; otherwise, simple reflection boundaries are imposed for local
positions of the keyhole with temperatures lower than the threshold.

For the evaporation boundaries, the metal vapor generated due to evaporation of
the liquid metal on the wall of the keyhole enters inside the keyhole, and the metal
generated is driven by the surface pressure described by formula (5.11).

Assuming the mass conservation law is satisfied during the evaporation of
molten metal, the vapor density p, on the evaporation boundary can be obtained
approximately by the following formula:

Mo | pr

5.16
NakB Tgb ( )

pg=(

where M,—molar mass;

N,—Avogadro constant.

The velocity of the metal at the evaporation boundary approximates to the
velocity of the vapor at the nearest neighboring grid, the direction is assumed to
be perpendicular to the wall. It can be expressed as follows:

=0

(5.17)

SIS

where yg—Velocity vector of metal vapor.

For the condensation area on the wall of the keyhole, the velocity of the metal
vapor meets the reflection boundary conditions. Assuming the velocity perpendicular
to the tangent direction of the boundary is reversed, the velocity direction along the

tangential direction of the boundary line remains unchanged, let U, = (u ¢ Vg Wy ),
u, is the velocity component value in normal direction of U 4, v, and w, are the

velocity component values in two tangential directions of U ,, i and i + 1 represent
two adjacent grid nodes at the boundary, and the velocity boundary condition on the
reflection boundary can be expressed as:

(”8)i+1 = _(”g)iv (Vg)iJrl = (Vg)i’ (Wg)i+1 = (Wg)i (518)

With the effect of the Knudsen layer ignored, the temperature of metal vapor on
the evaporation boundary approximates to that of the wall of the keyhole.

T =Tx (5.19)

where T,—Wall temperature of the keyhole for the point.
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The outermost layer of the calculation area above the keyhole is set as the outlet,
and its pressure boundary is set to the atmospheric pressure by the first type boundary
condition.

5.3 Dynamics of Metal Vapor/Plasma in Transient Keyhole

5.3.1 Uneven Distribution and High Transient

5.3.1.1 Unevenness

Figure 5.3 illustrates the transient temperature distribution of the metal vapor inside
the keyhole during laser welding at different times (0.350 ms, 1.841 ms, 2.990 ms,
5.308 ms, 15.277 ms and 20.844 ms) with laser power at 1.5 kW and welding speed
at 3 m/min (The black line represents the outline of the keyhole, the inside of the
keyhole indicates the temperature distribution of the metal vapor, and the outside
indicates the temperature distribution of the weld pool and the unmelted substrate).
The temperature distribution of the metal vapor is also uneven because the location
in the keyhole directly heated by the laser is near the fore edge of the keyhole and the
energy distribution on the wall of the keyhole is uneven due to multiple reflections and
Fresnel absorption. Figure 5.3c—f shows that there is a high temperature region in the
lower part of the keyhole. In particular, as shown in Fig. 5.3f, the lower temperature
of the metal vapor is about 3000 °C, while the temperature in higher temperature
region can reach above 4500 °C, and you can see the temperature difference in the
keyhole can reach 1000 °C.

Figure 5.4 illustrates the transient pressure distribution of the metal vapor inside
the keyhole during laser welding at different times (0.350 ms, 1.841 ms, 2.990 ms,
5.308 ms, 15.277 ms and 20.844 ms) with laser power at 1.5 kW and welding speed
at 3 m/min (The black line represents the outline of the keyhole, the inside of the
keyhole indicates the pressure distribution of the metal vapor, and the outside indi-
cates the pressure distribution of the weld pool and the unmelted substrate). At the
free interface of the keyhole under the action of a high power density laser beam,
the molten metal vapor forms a huge recoil pressure, which drives the flow of the
metal vapor in the keyhole. Because the gradient of the recoil pressure on the wall
of the keyhole is very large (up to several atmospheric pressure) and the keyhole
experiences complicated morphological changes, the vapor pressure distribution in
the keyhole is very uneven. From Fig. 5.4b—f, it can be seen that there is a negative
pressure (lower than the atmospheric pressure) inside the keyhole near the opening,
and from Fig. 5.4b—e, it can be seen that there is a high pressure region near the wall
of the keyhole where the pressure is higher than the atmospheric pressure by about
20 kPa.

Figure 5.5 illustrates the transient density distribution of the metal vapor inside
the keyhole during laser welding at different times (0.350 ms, 1.841 ms, 2.990 ms,
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(a) 0.350ms (b) 1.841ms

(d) 5.308ms
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Fig. 5.3 Evolution of temperature distribution of metal vapor with time in the keyhole (P = 1.5 kW,
V = 3 m/min)
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(a) 0.350ms (b) 1.841ms

(c) 2.990ms (d) 5.308ms

(e) 15.277ms (f) 20.844ms

Fig. 5.4 Evolution of pressure distribution of metal vapor with time in the keyhole (P = 1.5 kW,
V = 3 m/min)
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(a) 0.350ms (b) 1.841ms

(c) 2.990ms (d) 5.308ms

(e) 15.277ms (f) 20.844ms

Fig. 5.5 Evolution of density distribution of metal vapor with time in the keyhole (P = 1.5 kW, V
= 3 m/min)

5.308 ms, 15.277 ms and 20.844 ms) with laser power at 1.5 kW and welding speed
at 3 m/min. (The black line represents the outline of the keyhole, the inside of the
keyhole indicates the density distribution of the metal vapor, and the outside indicates
the density distribution of the weld pool and the unmelted substrate). As we know
from the state equation of ideal gas p = p/R,T, under the conditions of uneven
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pressure distribution (Fig. 5.2) and temperature distribution (Fig. 5.1), the density
distribution of vapor in the keyhole is also uneven. There exists a low density region
in the center of the keyhole where the density is lower than 0.2 kg/m?, far lower
than the ambient gas (air and argon) density. The low density might be caused by
the high-velocity flow which carries away excessive metal vapor from the region.
The density at the opening of the keyhole is higher, which might be the result of the
action of ambient gases (protective gas and air) and compression of the metal vapor.
The density of the metal vapor is higher at the bottom of the keyhole, which might
the result of compression of the metal vapor.

Figure 5.6 illustrates the transient Mach number distribution of the metal vapor
inside the keyhole during laser welding at different times (0.350 ms, 1.841 ms,
2.990 ms, 5.308 ms, 15.277 ms and 20.844 ms) with laser power at 1.5 kW, and
welding speed at 3 m/min. (The black line represents the outline of the keyhole, the
inside of the keyhole indicates the Mach number distribution of the metal vapor,
and the outside indicates the Mach number distribution of the weld pool and the
unmelted substrate). As shown in Fig. 5.6, the Mach number distribution of vapor in
the keyhole is also uneven. The Mach number of vapor at the bottom of the keyhole
is smaller and can be as small as 0.01, but due to the presence of high temperature on
the wall of the local keyhole, the molten metal vaporizes and spews out metal vapor
at a very high speed, resulting in a relatively large Mach number distribution, and
the largest Mach number can be larger than 0.8. Meanwhile, even the keyhole depth
reaches a quasi-steady state (Fig. 5.6¢, d), the Mach number still varies violently due
the drastic changing of the profile of the keyhole.

The distributions of temperature, pressure, density and Mach number of the vapor
in the keyhole and its evolution with time shown in Figs. 5.3, 5.4, 5.5 and 5.6 indicates
that the metal vapor plume in the transient keyhole features nonuniformity during
deep penetration laser welding.

5.3.1.2 High Transient Property of Metal Vapor

Figure 5.7 shows the evolution of velocity of vapor in the keyhole during the 1.256
us transient period from 11.717949 to 11.719205 ms with laser power at 1.5 kW and
welding speed at 3 m/min. In Fig. 5.7a, there is a small hump on the right lower
part of the wall of the keyhole, and the temperature of the hump is rather high,
about 3100 °C. As shown in Fig. 5.7a—f, violent evaporation occurs at that region,
and strong metal vapor are generated there. The time that the velocity experiences
significant changes is only 396 ns, as shown in Fig. 5.7a, b. With the progress of the
welding process, at 11.718604 ms, the velocity field inside the keyhole approaches
to be a quasi-steady state except that the metal vapor at the hump continue to increase
slightly.

Figure 5.8 and Fig. 5.9 respectively show the evolution of pressure and Mach
Number of vapor in the keyhole during the 1.256 us transient period from
11.717949 ms to 11.719205 ms with laser power at 1.5 kW and welding speed
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Fig. 5.6 Evolution of Mach number distribution of metal vapor with time in the keyhole (P =
1.5 kW, V = 3 m/min)
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(a) 11.717949ms (b) 11.718345ms

(c) 11.718604ms (d) 11.718833ms

(e) 11.718996ms (f) 11.719205ms

Fig.5.7 Velocity distribution of metal vapor in the keyhole during the transient period (P = 1.5 kW,
V = 3 m/min)
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(a) 11.717949ms (b) 11.718345ms
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(c) 11.718604ms

(e) 11.718996ms (f) 11.719205ms

Fig. 5.8 Pressure distribution of metal vapor in the keyhole during the transient period (P = 1.5 kW,
V =3 m/min)
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Fig. 5.9 Mach number distribution of metal vapor in the keyhole during the transient period (P =
1.5 kW, V = 3 m/min)
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at 3 m/min. As shown in Figs. 5.8 and 5.9a, b, the significant changes of the pres-
sure and Mach number of metal vapor in the keyhole experience are also due to the
violent evaporation of metal vapor at the hump of the back wall of the keyhole. It is
also shown from Figs. 5.8 and 5.9c—f that the Mach number at the local position of
the back hump keeps increasing, and that the nearby vapor pressure state is changed
simultaneously. Therefore, the variation of metal vapor velocity, pressure and Mach
number in a short period of time shows that the state of metal vapor in the keyhole
changes obviously with time and has a high transient property.

5.3.2 Multi-directional Flow Behavior in the Keyhole

From the simulation results in Fig. 5.10, a high-pressure region will be formed in
the middle lower bottom part of the keyholes. If the keyhole depth is large, the
pressure inside the keyhole, especially at the middle lower part, cannot be easily
released, and a high-pressure region can be easily formed. The main component of
the gaseous phase in the bubble caused by the keyhole’s instability is proved to be
ambient gas. It is known that recondensation due to rapid cooling is due to the flow
of protective gas into the keyhole during the pulsed laser of liquid zinc. However,
how environmental gases enter the bubble is still not well understood, especially in
continuous laser welding processes. This problem can be explained by our current
theoretical results. As can be seen from the figures, during the laser welding process,
a negative pressure zone is formed at the edges of the keyhole opening. When vapor
is spewed out of the keyhole at a very high speed, it may cause strong vortex in
those places. Under the influence of this flow, some atmospheres may be quickly
absorbed into the keyhole, resulting in the metal vapor inside the keyhole possibly
flowing toward the bottom while flowing toward the opening. These gases entering
the keyhole can reach the bottom of the keyhole, and if the keyhole is split into two
parts at this time, the separate part at the bottom of the keyhole will be filled with
ambient gases, eventually resulting in cavities.

5.3.3 Violent Oscillation and Swinging Behavior

Figure 5.11 shows the movement of the metal vapor above the opening when the metal
vapor is ejected. It can be clearly seen that under the current process conditions, the
metal vapor is not spewed out in a fixed direction but oscillates back and forth, and this
is consistent with the simulated swing angle of the metal vapor at the opening. The
oscillation of the metal vapor means that the direction of the component of the metal
vapor velocity parallel to the workpiece is changing. Due to constant oscillation of
the wall surface of the keyhole during the laser welding process, the local evaporation
on the wall surface of the keyhole is dramatic, and changes with position and time.
The recoil pressure generated during evaporation causes the metal vapor to move
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(e) 25.678ms (f) 31.536ms

Fig. 5.10 Pressure distribution of metal vapor inside the keyhole

away from the surface of the liquid toward the inner of the keyhole, and the direction
of this movement is perpendicular to the wall surface, so the strong local evaporation
and inclination of the wall of the keyhole determine the direction of movement of the
metal vapor. Due to the constant oscillation of the wall of the keyhole, the direction
of the metal vapor changes continuously within a certain range, and finally after
interaction inside keyhole, the metal vapor spews out of the keyhole, resulting in
swinging behavior. There is a close relationship between the swinging of the vapor
outside the keyhole and the oscillation of the wall of the keyhole. As shown in
Fig. 5.11b—g, not all metal vapor spewed out of the keyholes is continuous, and some
will separate. Due to continuous opening and closing of the keyhole and constant
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(a) (b) (c) (d) (e)
(h) (i)

Fig. 5.11 High-speed images of vapor spewed out in laser welding process (P = 1.5 kW, V =
3 m/min)

(f) )

oscillation of the free interface of the hole wall during the laser welding process, the
velocity of the vapor in the keyhole in the Z-direction also keeps oscillating. When
the velocity in the Z direction of the metal vapor at t + t ¢ is much lower than that
at t, as there is no subsequent timely replenishment, the metal vapor on the top will
be cut off and separate from the underneath metal vapor connected to the keyhole.
Therefore, separation that occurs when metal vapor is spewed out is also closely
related to oscillation of the keyhole.

5.3.4 Compressibility at Local Evaporation

5.3.4.1 Strong Local Evaporation on the Wall of the Keyhole

Figure 5.11 shows the velocity evolution of the vapor in the transient keyhole during
deep penetration laser welding with laser power at 1.5 kW and welding speed at
3 m/min. In the figure, it can be found from the temperature distribution outside the
keyhole that the temperature of the wall of the keyhole is mostly between 2800 and
3100 K, and the distribution is not uniform. The local temperature of the keyhole is
usually high due to direct or multiple reflection Fresnel absorption of the laser and
can reach above 3100 K. The high temperature area may appear at the bottom for a
shallow keyhole (Fig. 5.11a), or on the front wall (Fig. 5.11e, f) and the back wall
(Fig. 5.11b—d) for a deep keyhole, and violent local evaporation may occur at these
locations, which is consistent with the experimental results of Zhang Mingjun et al.
The local evaporation phenomenon is also reflected in the spewing out velocity of
the metal vapor at the opening, which first increases and then decreases. In the initial
stage of deep penetration laser welding, the keyhole has not formed or is shallow, the
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laser directly heats the surface of the workpiece. The laser spot is on local position of
the workpiece, and the metal vapor violently evaporates along the Z-axis direction to
produce a very large spewing out speed. After the keyhole is formed, the front wall
of the keyhole is directly heated by the laser energy, and the back wall has a local
high temperature region due to multiple reflections, and the evaporation is strong.
With periodic oscillation of the keyhole morphology, the degree of inclination of
the local evaporation position changes, the evaporating direction of the spewed out
metal also changes continuously, and the velocity of the spewed out metal vapor
in the Z-axis direction is reduced accordingly. This is consistent with the variation
pattern of average velocity of the vapor at the opening simulated vapor obtained by
simulation.

5.3.4.2 Metal Vapor Compressibility

As shown in Fig. 5.4, it is known that there is a high pressure inside the transient
keyhole much larger than 1 atm' and the density of the metal vapor is much smaller
than the air density. So, it is very possible that highly compressed low density vapor
exists in a millimeter keyhole. The compressibility is an important physical property
of the vapor plume generated in the deep penetration laser welding process. The
degree of compressibility of the metal vapor in the keyhole can, to some extent, reflect
the intensity of the metal vapor movement in the keyhole. Figure 5.12 illustrates the
peak Mach number evolutions with different welding speeds of 2, 3 and 4 m/min
and laser power at 1.5 kW. It can be easily found from Fig. 5.12 that the moment
Mach number can easily reach 0.8, and can even exceed 1.0, which indicates the
metal vapor may be violently compressed (Fig. 5.13).

5.4 Conclusion

(1) In consideration of complex phenomena such as heat and mass transfer and
phase transformation in the weld pool, with the Level Set method employed in
tracking the evolution process of keyhole’s free interface, and effects of recoil
pressure, environmental pressure, and the compressibility of vapor taken into
account, a mathematical model depicting dynamic behavior of metal vapor in
transient keyhole during deep penetration laser welding is established.

(2) A novel method for setting the boundary temperature of the wall of the keyhole
temperature-dependent compressible gas—liquid interface is proposed. The
evaporation boundary and reflection boundary are respectively set according
to evaporation and condensation caused by the temperature difference on the
wall surface of the keyhole. The temperature, pressure, density, and velocity
boundary conditions associated with vapor flow are derived.

T atm = 101.325 kPa.
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(a) 0.350ms

(c) 2.990ms (d) 5.308ms

(e) 15.277ms (f) 20.844ms

Fig. 5.12 Strong evaporation of metal vapor at local position on the wall of the keyhole (P =
1.5 kW, V = 3 m/min)
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laser welding process

3

A highly efficient numerical solution algorithm is proposed based on the
dynamic mathematical model of compressible vapor in the keyhole during
the deep penetration laser welding keyhole process established in this chapter;
the dynamic behavior of metal vapor in the keyhole for 304 stainless steel
welding is analyzed under the actual welding process conditions; the distribu-
tion non-uniformity, compressibility and high transient of metal vapor inside
the keyhole are analyzed; and local evaporation on the free surface of the
keyhole and continuous swinging of the vapor at the opening of the keyhole
are discussed.



Chapter 6 ®)
Behaviors of Keyhole and Weld Pool oo
Under the Effect of Side-Blown Gas

Abstract This chapter introduces the behaviors of keyhole and weld pool under the
effect of side-blown gas. Flow patterns of the side-blown gas in laser welding of
a Titanium alloy are presented. The influences of side-blown gas on the weld pool
profiles and the transient keyhole and weld pool dynamics at the present of keyhole
plume are discussed. Moreover, stable mechanisms of side-blown gas on keyhole
and welding oscillations are presented.

6.1 Introduction

In deep penetration laser welding, the heat source exerts an effect on the laser beam,
plasma, keyhole, weld pool, and other several sub-systems, and these subsystems
influence each other during welding. Figure 6.1 illustrates the dynamic coupling
of sub-systems in deep penetration laser welding. As can be seen in the figure,
(1) The plasma can produce refraction and inverse bremsstrahlung absorption to
incident beams, and the fluctuation of the plasma makes power-density distribution
on workpiece surface fluctuate. (2) The laser beam provides energy required for
producing and maintaining plasma, and the fluctuation of laser power density can
result in the fluctuation of plasma. (3) The keyhole and the weld pool offer mass
sources for plasma and define the boundary of plasma flow fields. Therefore, the
fluctuation of keyhole and weld pool undulates plasma. (4) Fluctuation of velocity
and pressure fields in plasma in the keyhole can cause the fluctuation of keyhole and
weld pool. (5) The fluctuation of power-density distribution of laser beams changes
surface ablation pressures in keyhole and undulates the keyhole and the weld pool. (6)
The variation of keyhole shape changes path for multiple reflections of the laser beam
in the keyhole, thus resulting in surface laser power-density distribution fluctuating
in the keyhole. In addition, the laser welding process is generally protected by using
auxiliary gas flow which can directly affect the plasma, keyhole and weld pool,
so the introduction and parameters of auxiliary gas flow play an important role in
maintaining the stability of welding process.

At present, there are many researches on the influence laws and mechanisms of
side-blown gas on laser-induced plasmas and reports on influence laws of side-blown
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Fig. 6.1 Dynamic coupling of sub-systems in deep penetration laser welding and the influences of
side-blown gas

gas on behavior of keyhole and the weld pool in laser welding process. However, very
little research has been done on how side-blown gas influences the behaviors of weld
pool and keyhole. Based on the previous experimental results, the paper examines the
CO;, full-penetration laser welding process of titanium alloy in an effort to explore the
influence mechanisms of auxiliary gas flow on behaviors of keyhole and weld pool
in deep penetration laser welding through numerical simulation of fluid dynamics.

6.2 Flow Field of Side-Blown Shielding Gas (for Titanium
Alloy)

Figure 6.2 demonstrates the typical calculation results of shielding gas flow fields
without considering the generation of metallic vapors in a keyhole. In the figure,
the upper left side of the red dashed line shows top-blown gas released from the
CO; laser head, while the lower right side displays side-blown gas released from
the side-blowing nozzle. As presented in the figure, the top-blown gas flow and the
side-blown gas flow change their flow directions after they meet and it is obvious
that their confluence direction (indicated by the red dashed line in Fig. 6.2) mainly
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Fig. 6.2 Typical results of velocity vector diagram of auxiliary gas flow fields on symmetry plane
without considering jet flows of metallic vapors (welding proceeds from left to right)

depends on the momentum ratio between the two flows. Therefore, the direction
of the top-blown gas flow with a small velocity changes greatly, while that of the
side-blown gas varies slightly. It can be seen from the figure that the angle between
confluence direction and horizontal plane increases in comparison with the angle
between the direction of side-blown gas and horizontal direction. Finally, it is the
confluence direction rather than the direction of side-blown gas that directly affects
gas flow direction on the surface of the weld pool.

Figures 6.3, 6.4 and 6.5 present calculation results of auxiliary gas flow fields
at tp + 0.1 ms in the initial stage with metallic vapors in the keyhole taken into
account. Figure 6.3 shows the distribution of pressures on one side of gas phase
on symmetry plane at ty 4+ 0.1 ms in the initial stage. The round areas removed
from the figure are molten metal droplets that spatter under the strong impacts of
metallic vapors and pressures in these droplets are significantly larger than those in
surrounding atmosphere. In order to avoid interferences and misunderstanding, the
spattering area of droplets and its adjacent areas are removed from the distribution
pattern of gas-phase pressure. Figures 6.4 and 6.5 present the velocity vector diagram
and velocity distribution on the side of gas phase on symmetry plane at ty + 0.1 ms.

From the results in Fig. 6.3, it is clear that the confluence of the side-blown and
the top-blown gas flow produces a tilted, bell jar-shaped pressure distribution on the
upper area of the workpiece surface and the axis of the bell jar is the flow direction
of confluence. Since the calculation results shown in Fig. 6.3 consider the outflow
of high-velocity metallic vapors from the keyhole, the ambient pressure distribution
above the keyhole is complex. As the figure shows, two local high-pressure areas are
formed in the surrounding areas above the keyhole opening. The first high-pressure
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Fig. 6.3 Distribution of gas-phase pressures on symmetry plane at tg 4+ 0.1 ms in the initial stage
with metallic vapors in the keyhole considered
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area is located near the intersection point between the axis of the “bell jar” and
the surface of the weld pool. The pressure in this area exceeds 101,500 Pa. The
other one is over the keyhole, also with a pressure more than 101,500 Pa. Between
this high-pressure area and keyhole opening, there are two local low-pressure areas
with a pressure smaller than 101,000 Pa. The velocity vector diagram on the side
of gas phase on symmetry plane at ty + 0.1 ms presented in Fig. 6.4 shows that the
flow directions of auxiliary gas and metallic vapors suddenly change at the position
indicated by the red dashed line, demonstrating that auxiliary gas flow effectively
suppresses metallic vapors flowing upwards. By comparing Fig. 6.3 with Fig. 6.4,
the local high-pressure area over the keyhole is located above the red dashed line
in Fig. 6.4. It can be observed from Fig. 6.4 that the area below the red dashed
line shows two vortexes on both sides of the axis of the keyhole. In Fig. 6.3, two
local low-pressure areas with pressure lower than 101,000 Pa over the keyhole are
located exactly at the positions of the two vortexes. Figure 6.5 presents the velocity
distribution of gas phase on symmetry plane at ty + 0.1 ms. It can be seen from
Fig. 6.5 that the gas flow velocity is large around the keyhole opening at ty + 0.1 ms.
On the upper surface of the weld pool, the flow velocity of metallic vapors in the
vicinity of the keyhole opening is 90 m/s, and on the lower surface, the flow velocity
is 30 m/s. However, the flow velocity of vapors in the keyhole far away from the
opening is small. According to Fig. 6.3, the maximum pressure in the keyhole at t,
+ 0.1 ms is higher than 121,100 Pa. This shows that the pressure near the keyhole
opening is smaller than that in the keyhole. Moreover, the pressure adjacent to the
upper opening with a large gas flow velocity is smaller than that around the lower
opening with a small gas flow velocity.



170 6 Behaviors of Keyhole and Weld Pool Under the Effect ...

6.3 Behaviors of Keyhole and Weld Pool Under the Effect
of Side-Blown Gas

6.3.1 Deformation of Weld Pool Surface Under the Effect
of Side-Blown Gas

In the actual welding process, the surface of the weld pool was deformed under the
combined effects of surface tension, high-temperature metallic vapors and auxiliary
gas flow. In order to distinguish the influence of auxiliary gas flow on the weld pool
from the influence of high-temperature metallic vapors on the surface of the weld
pool, the calculations are simplified by ignoring the effects of temperature on the
metal surface tension of the weld pool and the deformation of the keyhole and the
lower surface of the weld pool.

From the results in Fig. 6.6, it is clear that after the calculation starts, the gas—
liquid interface presents the following changes: (1) the junction point of gas, liquid
and solid near the welding line moves to the center of the weld pool; (2) the area
around the center of the upper surface of the weld pool bulges, exceeding the height
of the upper workpiece surface. After that, under the effects of side-blown auxiliary
gas flow, the surrounding liquid metal on the surface of weld pool transfers to the rear
of the weld pool. Finally, the gas—liquid interface around the melt front at the front
of the weld pool is lower than the workpiece surface, while the gas—liquid interface
near the solidification front at the rear of the weld pool is higher than the workpiece
surface.

Figure 6.7 shows the surface shapes of the weld pool at 7 ms at different observa-
tion angles. Figure 6.7c presents the weld reinforcement and undercut on the surface
of the weld pool. According to the calculation results, the weld undercut defects
occur mainly because the gas—liquid-solid phase boundary point near the welding
line moves toward the center of the weld pool. Since for the convenience of calcula-
tions, many complicated factors are neglected, it is easy to see that it is the surface
tension that drives the three-phase junction to move towards the center of the weld
pool. Figure 6.8 shows the velocity vector diagram of the surface of the weld pool
at 0.1 ms. The calculation results in Fig. 6.8 demonstrate that the liquid metal near
the solid-liquid interface on the upper surface of the weld pool flows to the center
of the weld pool at 0.1 ms. As displayed in Fig. 6.7c, weld reinforcement mainly
results from the fact that the liquid metal in the weld pool moves towards the rear
of welds, and then accumulates and solidifies. Figure 6.9 shows the velocity field on
the weld pool surface at t = 7 ms. It is apparent that the metal liquid on the weld pool
surface flows towards the rear part of the weld pool. Since the calculation neglects
the surface tension gradient and rapidly moving heat source, it is the side-blown flow
that forces the metal liquid to move towards the rear of the weld pool.

Figure 6.10 shows the pressure distribution of the gas phase on symmetry plane
at 7 ms. When auxiliary gas is applied to the workpiece, a local high-pressure region
appears near the gas—liquid surface which is locally concave at the front of the weld
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Fig. 6.6 Change process of weld pool surface in the symmetry plane under the effect of auxiliary

gas

pool. This pressure distribution will surely cause the gas—liquid surface at the front
of the weld pool to sag further.
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Fig. 6.7 Surface shape of the weld pool at 7 ms under the effect of auxiliary gas

6.3.2 Behaviors of the Keyhole and Weld Pool Under
the Combined Effects of Metallic Vapors
and Side-Blown Gas

Figure 6.11 shows the transient evolution of the keyhole and weld pool when the
side-blown gas is applied. In the figure, the red region indicates liquid metal, and the
blue region is a gas phase region. The initial time ty = 3.5 ms refers to the moment
when metal vapor is generated at the beginning. Figure 6.11 also shows the transient
behavior of the keyhole and weld pool under the action of metallic vapor in 2.7 ms
is given in chronological order. As can be seen from Fig. 6.11, the evolution of
keyhole and weld pool consists of three typical stages: initial stage, expansion stage
and refilling stage. It is assumed that the keyhole is formed instantaneously in the
welding process and the whole welding process is the constant cycles of these three
stages.

In the initial stage of the formation of metallic vapor in the keyhole, the liquid
metal surrounding the keyhole flows radially outwards due to the impact of metallic
vapor generated by the strong evaporation. Figure 6.12 shows the velocity vector
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(b) Front of the weld pool

Fig. 6.8 Velocity vector distribution on the weld pool surface at 0.1 ms under the effect of auxiliary
gas
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Fig. 6.9 Velocity vector distribution on the weld pool surface at 7 ms under the effect of auxiliary
gas
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Fig. 6.10 Pressure distribution of gas phase on symmetry plane at 7 ms under the effect of auxiliary
gas

distribution of the liquid metal around the keyhole when metallic vapor begins to
form. It can be seen from Fig. 6.12 that the liquid metal behind the keyhole flows
in a direction away from the axis of the keyhole over the entire thickness of the
workpiece. The calculations in this section take 0-0.3 ms as the initial stage. From
the results in Fig. 6.11, it can be seen that in the initial stage, no local hump near
the keyhole opening is significantly higher than the initial upper surface of the weld
pool. In addition, the diameter of the keyhole shows little change along the entire
thickness of the workpiece.

The initial stage in which the keyhole and weld pool vary lasts for a short time.
Then, since the pressure at the keyhole opening is considerably lower than that inside
the keyhole, the gap in diameter between the keyhole opening and middle will become
more and more significant. The increasing gap indicates that the keyhole and weld
pool come to the second stage, i.e., the expansion stage. In the expansion stage, with
the increasing keyhole volume under the impact of metallic vapor, the diameter of
the keyhole middle becomes much larger, while the diameter of the keyhole opening
varies slightly. Figure 6.13 shows the pressure distribution and velocity distribution
on the symmetry plane at ty 4+ 1 ms in the expansion stage. Given the large diameter
of the keyhole middle, a local hump appears on the surface of metal liquid behind the
keyhole on the workpiece under the pressure inside the keyhole. During the formation
of the local hump, the gas pressure inside the keyhole has to withstand not only the
surface tension, but also gravity. The position where the keyhole diameter reaches
its peak is closer to the lower opening than to the upper opening. It is clear from
Fig. 6.13b that the rapidly moving area near the upper opening is small, largely due
to the suppression effect of the auxiliary gas above the workpiece.

Figure 6.14 shows the velocity vector distribution on the symmetry plane at t, +
1 ms in the expansion stage. As can be seen from Fig. 6.14d, in the region near the
half-depth of the keyhole, the metal liquid surrounding the keyhole flows radically
outwards. Figure 6.14 and Fig. 6.14e show the velocity vector distribution of the
molten metal behind the keyhole opening near the lower surface and the upper surface,
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Fig. 6.11 Sequences of evolution of liquid—gas interfaces when side gas is used
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effect of auxiliary gas
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Fig. 6.13 Pressure and velocity distribution (metallic vapor inside keyhole considered) in the
symmetry plane at ty + 1 ms under the effect of auxiliary gas in the expansion stage: a pressure
field and b velocity field

respectively. Under the effect of pressure distribution inside the keyhole as shown in
Fig. 6.13b, the molten metal behind the keyhole opening near the lower surface and
the upper surface moves toward the axis of the keyhole, which shows a tendency to
close the keyhole. According to Fig. 6.13a, the pressure near the keyhole opening
is small, while the pressure of the areas inside the keyhole, which are far from the
opening, is large. The local hump formed on the surface of metal liquid behind the
keyhole opening in the expansion stage allows the side-blown gas to exert a greater
effect in the area. Figure 6.14b shows the velocity vector of some metal liquid of
a local hump behind the keyhole opening on the upper surface. At the end of the
expansion stage, the pressure required to continue the expansion of the keyhole is
not met, which restrains the maximum diameter of the keyhole. The period from t
+ 0.4 ms to tp 4+ 1.2 ms in this calculation result is the expansion stage.
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Fig. 6.14 Velocity vector distribution in symmetry plane at ty + 1 ms under the effect of auxiliary
gas in the expansion stage

The period from ty + 1.3 ms to ty + 2.3 ms in Fig. 6.11 is the refilling stage, in
which the surface tension is an important factor in the behavior of the keyhole and the
weld pool. Typical velocity vector distribution of the refilling stage on the symmetry
plane is presented in Fig. 6.15 at ty + 2 ms. As shown in Fig. 6.15c, the metal
liquid behind the lower keyhole opening flows in the direction of the keyhole axis.
This bottom-up and keyhole-facing flow behavior is obviously not caused by metallic
vapor and gravity. In addition, the lower surface of the weld pool is free from the effect
of auxiliary gas. It is evident, therefore, that the bottom-up and keyhole-facing flow
behavior is driven by surface tension, which is now a leading cause of the behaviors
of the keyhole and weld pool. According to Fig. 6.15d, driven by surface tension
and gravity, the metal liquid behind the upper keyhole opening shares a similar flow
behavior to the metal liquid behind the lower keyhole opening. Specifically, they
both flow in the direction of keyhole axis. At ty 4+ 2 ms, the refilling process comes
its later period. Logically, surface tension and gravity are supposed to drive the metal
liquid in the rear of the weld pool, which is far from the keyhole opening and near the
upper surface, to flow inwards in the direction of keyhole axis. From the results in
Fig. 6.15b, however, that metal liquid flows away from the keyhole, and its maximum
speed near the liquid surface reaches 0.5 m/s. This suggests that the flow of the metal
liquid in the rear of the weld pool away from the keyhole is the result of the auxiliary
gas flow overcomes the effects of surface tension and gravity. The results in Fig. 6.15
further demonstrate the role of auxiliary gas flow in controlling the laser weld pool.
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Fig. 6.15 Velocity vector distribution in symmetry plane at ty + 2 ms under the effect of auxiliary
gas in the refilling stage

From the calculation results at time ty + 2.4 ms in Fig. 6.11, it can be seen that after
the completion of the refilling stage, the keyhole starts to expand radially outwards
under the action of metallic vapor.

6.4 Influences of Side-Blown Gas on the Stability
of the Keyhole and Weld Pool

The transient evolution behavior of a keyhole and weld pool without applying side-
blown gas is calculated for comparison with the physical mechanism of keyhole
and weld pool evolution when side-blown gas is applied. Figure 6.16 shows the
calculation results obtained when side-blown gas is not used, with the red region
indicating liquid metal and the blue region indicating gas phase region.

Figure 6.17 compares the transient evolution behavior of the average pressure
of a keyhole when side-blown gas is applied and when it is not applied. From 0.8
to 1.5 ms, the average pressure in both cases is relatively stable. At the same time,
the average pressure with side-blown gas applied is about 1200 Pa higher than that
without applying side-blown gas. This will surely lead to the difference in keyhole
and weld pool behaviors between the two cases. As can be seen in Figs. 6.11 and 6.16,
during the period from 0.8 to 1.5 ms, the top surface of the weld pool swells and the
melt flows towards the rear part of the weld pool when side-blown gas is considered,
which is quite different from the situation for the case without side-blown gas. The



6.4 Influences of Side-Blown Gas on the Stability of the Keyhole and Weld Pool 179

t=tp+0.8 ms t=to+0.9 ms t=to+1 ms t=to+1.1ms

t=to+1.2ms t=to+1.3ms

t=to+1.7ms t=to+1.9ms

t=to+2ms t=to+2.1ms t=to+2.2ms t=to+2.3ms

t=to+2.4ms t=to+2.5ms t=to+2.6ms t=to+2.7ms

Fig. 6.16 Calculation results of transient behavior of keyhole and weld pool without auxiliary gas
(metallic vapor inside keyhole considered)

Fig. 6.17 Variation of

——— Without side-blown gas 123140 Pa
average pressure of keyhole

s s —— With side-blown gas
i insi A 1.2x10° |

(metallic vapor inside = x10

keyhole considered) g
2 s
§ 1.1x10° F
S
2
s s |
£ 1.1x10 109155 Pa 100000 pa
9 107044 Pa
eh 106391 Pa
5 s
(o] -
> L1x10 103225 Pa

1.0x10°

0.6 0.9 1.2 1.5 1.8 2.1 2.4 2.7
Time / ms




180 6 Behaviors of Keyhole and Weld Pool Under the Effect ...

applied side-blown gas pushes the liquid metal on the upper surface of the weld pool
to flow backwards to the rear part of the weld pool. This enables a concave shape to
form on the liquid surface near the keyhole opening in the front part of the weld pool,
and results in the reduction of the melt around the keyhole opening. The formation of
the concave shape and reduction of the melt greatly help the keyhole keep open and
the keyhole and weld pool stay stable in laser welding. Consequently, as the laser
action lasts, the peak average pressure of the keyhole decrease step by step under the
effect of side-blown gas, as shown in the result of the period from 1.5 to 2.8 ms in
Fig. 6.17. When the side-blown gas is not used, the melt does not flow backwards to
the rear part of the weld pool. Under the effect of surface tension, a large amount of
melt surrounding the upper keyhole opening tends to close the opening, which gives
rise to an increase in the average pressure within the keyhole. As a result, the keyhole
opening becomes wide again under the strong impact of high-pressure metallic vapor.
During an actual laser welding process, this phenomenon might periodically occur so
that the weld pool would be disturbed violently. It is should be noted that despite the
lack of side-blown gas, the impact of high-pressure metallic vapor could be strong
enough to cause a hump to emerge on local weld pool surface near the upper keyhole
opening, as shown in Fig. 6.16 at ty 4+ 2.3 ms. In this case, however, because of
the absence of side-blown gas, the hump does not move towards the rear part of the
weld pool; instead, under the combined effects of surface tension and gravity, the
hump reserves energy enough to allow it to flow backwards the keyhole opening,
marking the start of the process of closing the keyhole. Therefore, as the laser welding
continues, the peak value of the average pressure increases stepwise, and the keyhole
and weld pool become increasingly unstable as shown in Figs. 6.16 and 6.17.

6.5 Conclusions

Below are the findings of the research on the influences of side-blown gas on
deformation of the weld pool surface.

(1)  Under the effect of surface tension, the junction point of gas, liquid and solid
phases near the welding line moves to the center of the weld pool and the area
near the center of upper surface of the weld pool bulges, with the hump higher
than the upper surface of workpiece. Then, under the effect of side-blown
auxiliary gas flow, the liquid metal near the surface of the weld pool transfers
to the rear of the weld pool. Finally, the gas—liquid interface around the melt
front in the front of the weld pool is lower than the workpiece surface, while
that near the solidification front in the rear of the weld pool is higher than the
workpiece surface.

(2) The main reason for the appearance of weld undercut defects is that the junction
point of gas, liquid and solid phases near the welding line moves to the center
of the weld pool driven by surface tension. The weld reinforcement is mainly
caused by the movement of liquid metal in the weld pool to the rear of welds,
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and then accumulation and solidification there. The side-blown gas obviously
helps liquid metal flow to the rear of the weld pool.

A local high-pressure area can be formed in the vicinity of a locally depressed
gas-liquid interface in the front of the weld pool after auxiliary gas is blown to
the workpiece surface. Backwards from the area, with the increase of distance
from the front of the weld pool, pressure constantly decreases.

The following are the findings of the research on behaviors of the keyhole and

weld pool under the effects of metallic vapors.

ey

@

Confluence formed by side-blown gas and top-blown gas flow shows a tilted,
bell jar shaped pressure distribution in the upper area of the workpiece surface
and the axis of the “bell jar” is the flowing direction of confluence. There is
a local high-pressure area in the vicinity of the intersection point of the axis
of the “bell jar” and the workpiece surface. In addition, due to the inhibition
of auxiliary gas flow on high-speed gas flow ejected from the keyhole, a local
high-pressure area can be found in the surrounding areas above the keyhole
opening.

Under the effect of metallic vapors, the changes of the keyhole and the weld
pool can be divided into three stages, i.e. initial stage, expansion stage and
refilling stage. It is assumed that the keyhole is formed instantaneously in the
welding process and the whole welding process is the constant cycles of these
three stages.

In the initial stage, liquid metal around the keyhole flows in the direction
departing the axis of the keyhole. The local uplift obviously exceeding the
initial upper surface of the weld pool is not formed close to the keyhole opening,
and the diameter of the keyhole changes slightly in the direction of whole
thickness of the workpiece. In the expansion stage, molten metal around the
wall in the middle of the keyhole constantly expands and moves to the direction
far away from the axis of the keyhole. However, molten metal in the rear of
keyhole opening on the lower and upper surfaces moves towards the axis of
the keyhole and shows the trend of closing the keyhole opening. In addition,
local uplift formed on the metal surface in the rear of the keyhole opening
can enhance the effects of side-blown gas on the part, so that a part of molten
melt in the local uplift behind the keyhole opening on the upper surface flows
to the rear of the weld pool. In the refilling stage, molten melt in the weld
pool behind the lower keyhole opening flows towards the keyhole and from
the bottom up under the effect of surface tension. Driven by surface tension
and gravity, surrounding liquid metal behind the upper keyhole opening shows
a similar flowing trend to the liquid metal behind the lower keyhole opening,
that is, liquid metal flows towards the axis of the keyhole. However, molten
melt in the rear of the weld pool around the upper surface flows to the direction
far away from the keyhole. Such a flowing behavior is formed under the effects
of auxiliary gas flow after overcoming the influences of surface tension and
gravity, which proves the control effects of auxiliary gas flow on the weld pool
during laser welding.
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Under the pressures of metallic vapors, the diameter of the keyhole on the cross
section first increases with the expansion of the keyhole, and then decreases
with the refilling of molten melt after reaching the maximum; Moreover, after
completing the refilling stage of the molten melt, the diameter increases again
with the expansion of the keyhole. The expansion of the keyhole in the radial
direction can make the wall of the keyhole closer to the solid—liquid interface.
In this way, the energy carried by the beam directly acts at the position closer
to the solid-liquid interface and is more effectively and directly applied in
the workpiece far away from the axis of the keyhole in the radial direction.
Therefore, this facilitates the formation of a larger weld width.



Chapter 7 ®
Keyhole and Weld Pool Dynamics i
in Dual-Beam Laser Welding

Abstract This chapter introduces the time-dependent keyhole and weld pool
dynamics in dual beam laser welding. Mathematical model of self-consistent keyhole
and weld pool dynamics in dual beam welding is presented. The coupled keyhole and
weld pool dynamics in dual beam welding are discussed by numerical simulations.
The stabilization mechanisms of a dual beam mode laser arrangement in welding
process are given.

7.1 Introduction

The laser welding features small beam spot diameter, high thermal efficiency and
small thermal input of the welding line, thus the deformation and residual stress of
laser welding are very small. Meanwhile, the thermal influence zone of welding is
narrow and the metal grain coarsening tendency of the weld joint is small, endowing
laser welding typical application advantages. Due to the small beam spot diameter,
high precision is demanded for weldment with single beam laser welding. At present,
for some sheet metal forming thin-wall structural components, it is difficult to ensure
the forming precision as there is a large gap of weldment and certain misalignment,
thus it is often difficult to achieve the assembly precision required by ordinary single
beam laser welding technology. This posed certain challenges for the application of
laser welding technology on the thin-wall structural component. In order to break
through the limitation of single beam laser welding, the dual beam laser welding tech-
nology is applied to the welding of thin-wall components. It has become an important
technical approach to realize the optimization and high adaptability welding of the
thin-wall structural component.

Dual beam laser welding separates the same laser into two separate laser beams by
an optical method, or uses a combination of two different types of laser for welding.
By changing the energy ratio, beam spacing and arrangement mode of two laser
beams, the adaptability of laser welding to assembly accuracy can be improved, the
welding temperature field and flow field can be adjusted flexibly, and the evolution
behavior of keyhole and flow form of weld pool can be changed, improving the
stability of the welding process. Therefore, dual beam laser welding is featured with
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small residual stress deformation and good joint quality. Moreover, it can solve the
problems such as poor gap adaptability of conventional laser welding, large porosity
tendency and serious burning loss of alloying elements. According to the arrangement
of the beam, the dual beam laser welding can be divided into parallel and tandem
arrangement. If the lining of the focus between two beams is parallel to the welding
direction, it is called tandem dual beam welding. If the lining of the focus between
two beams is perpendicular to the welding direction, it is called parallel dual beam
welding.

Taking dual beam welding as the research object, this chapter studies the estab-
lishment of transient coupling model of keyhole and weld pool in dual beam laser
welding, focusing on the dynamics behavior of the keyhole and weld pool in dual
beam welding, and exploring the stability mechanism in dual beam laser welding.

7.2 Transient Coupling Model of Keyhole and Weld Pool
in Dual-Beam Welding

7.2.1 Control Equation of Transient Coupling Model

7.2.1.1 Basic Assumption

The dual beam laser welding process includes the very complex polyphase transi-
tion of plasma—gas—Iliquid—solid, free interface evolution and heat transfer flow
coupling in the weld pool. Therefore, the current numerical calculation needs to be
simplified. The metal vapor plume and fluid mechanics effect of protective gas on the
keyhole are ignored, and the condensation process of metal vapor is not considered.
For high power CO, laser welding, laser beam scattering and inverse bremsstrahlung
absorption of plasma matter a lot. In numerical simulations, these effects are char-
acterized by artificially increasing the radius of the laser beam. However, in Nd:
YAG laser welding, due to the low ionization of metal vapor, inverse bremsstrahlung
absorption has little effect, thus scattering and refraction effect is simply consid-
ered. But for general low power dual beam laser welding process, the effect can be
neglected. What’s more, according to the method proposed by Ki et al., heat loss
due to evaporation near the keyhole wall is addressed. The model also considers the
thermal convection and thermal radiation of workpiece surface.

7.2.1.2 Control Equation

Assume that the metal liquid in the welding weld pool is incompressible fluid, the
density of liquid metal does not change during the solid-liquid phase transition.
Therefore, the conservation equation of mass, momentum and energy is expressed
as follows
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where: 17 —three-dimensional velocity vector;

w;—dynamic viscosity of fluid;

p—density;

p—pressure;

g—three-dimensional gravity acceleration vector;

B—coefficient of thermal expansion;

T,gf—reference temperature;

K—Carman-Kozeny coefficient in mixed phase model, i.e., transmission coef-
ficient, which is closely related to liquid mass fraction f; of the current grid
cell.

K can be determined by the following formula

f13d2

1801 — £ 7

where, d-closely related to the size of dendritic arms, which is usually a constant.
For laser welding, the order of magnitude of its size is 1072 cm.

In addition, C in Formula (7.2) is a nonreactivity coefficient related to liquid mass
fraction, which is calculated by the following formula

C=0.13f5"" (1.5)
where, f ;—Iliquid mass fraction

In order to improve the value calculation speed, the liquid mass fraction may well
have a linear relation with the temperature, thus

1 T>T,
fi= —;:; T,>T>T, (7.6)
0 T <T;

where, T; and T,—Iliquidus temperature and solidus temperature of welded alloy
material.

Based on Level Set approach, the kinematic equation describing the transient
keyhole interface in laser welding can be expressed as:
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where, U—kinematic velocity of keyhole interface.

7.2.1.3 Fresnel Absorption Formula

According to the relative position of two laser beams and welding direction in dual
beam laser welding, it can be classified into parallel dual beam welding and tandem
dual beam laser welding. By the ray-tracing method, the laser energy density g
absorbed at any position on the free interface of the weld pool in dual beam welding
can be calculated. The formula is expressed as

g =10,z (1 7)o, @) + ﬁj (1, 20) (T < )t O)

m=1
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where, I,(ry, z1) and I,(r;, zp)—energy distribution function of initial two laser
beams;

I (r1, z1)—density distribution of the residual energy of the first laser beam after
the mth reflection;

Iy (2, zo)—density distribution of the residual energy of the second laser beam
after the kth reflection;

6—angle between the incident laser beam and the normal vector of the keyhole
wall;

o (0)—Fresnel absorption coefficient;

N—number of laser beam incidence considering multiple reflections;

I—normalized laser beam direction;

n—normalized normal vector of the keyhole wall;

e—constant related to the laser device and material.

The diagram for tracking and calculating the light of tandem dual beam is shown
in Fig. 7.1.

In this study, the approximate distribution of laser energy density is assumed to be
a Gaussian distribution, and then the distribution function equation of laser energy
can be written as

Io(r, z) = 3Q/ (7 R*) exp(—3(r?)/R?) (7.10)
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Fig. 7.1 Diagram for tracing and calculating the light in tandem dual beam laser welding

where, R—Ilight spot radius;
(Q—Tlaser power density.

7.2.2 Boundary Conditions of Transient Coupling Model

To make the model easy to deal with, the frictional effect of the vapor jet on the hole
wall is ignored. The motion of the free interface of the keyhole is mainly affected
by surface tension, thermal capillary force, recoil pressure, fluid shear flow stress,
hydrostatic pressure and fluid dynamic pressure in the weld pool. Based on the sharp
interface boundary condition method, the boundary condition of the free interface is
expressed as:

o o |(Ean) (7.11)
0 0

pr=pr+ok+2ui-VU -ii (7.12)

where, f—free interface;
u—density of the metal liquid in weld pool;
pr—recoil pressure.
Based on the recoil pressure model proposed by Semak, et al., p; is expressed as
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pr = 0.54ABy(T) exp(—k—T) (7.13)

where, A—constant related to material;

By—constant related to material;

U—Ilatent heat of evaporation of each atom;

T—surface temperature of the keyhole;

k—Boltzmann’s constant.

On the free interface of the keyhole, due to Fresnel absorption, thermal convection,
radiation and evaporation, there exist the following temperature boundary conditions

aT PR
kaT =q—hT —Tx) —&0(T*=T) — pVer T, (7.14)
n

where, g—Ilaser energy density absorbed by Fresnel effect, determined by Formula
(7.8);

T—evaporating temperature;

Veyp—receding speed of the keyhole interface caused by evaporation, determined
in this study by the formula proposed by Ki, et al.

On other boundaries of the calculated region, there exist the following temperature
boundary conditions

aT
ke = —h(T = Tw) = g0 (T*—T5) (7.15)
n

where, h—convection coefficient;
&,—black body radiation coefficient;
o—Boltzmann constant.

7.3 Coupling Behavior of Keyhole and Weld Pool
in Dual-Beam Welding

7.3.1 Evolution Behavior of Dynamic Keyhole in Welding

Figures 7.2 and 7.3 show the temperature field distribution and morphological evolu-
tion of the keyhole in typical parallel dual beam laser welding respectively. In the
study, the material is 304 stainless steel, the welding speed is 2 m/min, the power
of each beam is 2 kW, the beam spot spacing is 0.5 mm, and the laser spot radius is
0.25 mm. As showninFigs. 7.2a,band 7.3a, b, when the welding starts, the workpiece
absorbs laser energy, with the temperature rising rapidly, and starts to evaporate. The
recoil pressure generated by metal evaporation causes the metal liquid surface to dip,
forming two relatively independent keyholes. At 0.83 ms, two separate keyholes are
connected to form a single keyhole, and the center of the keyhole opening is concave,
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with the lower end appearing an inverted hump shape, as shown in Figs. 7.2c and
7.3c. At 12.06 ms, the melting zone at the center of the beam spot spacing expands,
and the keyhole opening takes on an oval shape, with the lower ends connected,
as shown in Figs. 7.2d and 7.3d. After that, the keyhole continues to absorb laser
energy, and it keeps growing and deepening until the depth of the keyhole reaches
a quasi-steady state, with its shape shown in Figs. 7.2f and 7.3f. The keyhole may
collapse during the evolution process. At 33.82 ms, the keyhole collapses obliquely,
and is broken into two parts, as shown in Fig. 7.3e. Therefore, it can be seen that
in parallel dual beam laser welding, the evolution process of keyhole may experi-
ence the following stages: two separate keyholes—keyholes connected—keyholes
merging. The interaction of keyholes makes the evolution more complicated.
Figure 7.4 shows the typical evolution process of a keyhole in tandem dual beam
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(a)0.150ms (b)3.282ms

(c¢)37.907ms (d)54.002ms

Fig. 7.4 Evolution process of keyhole shape in tandem CO, laser beam welding

laser welding of 5052 aluminum alloy. The openings of the two keyholes formed at
the beginning stage gradually merge together, and the tips of the two holes remain,
but the keyhole at the rear is obviously deeper than the one at the front. Moreover,
the shape of the keyhole is not smooth, with many folds.

In tandem dual beam laser welding, with the increase of the beam spacing, the
state of the keyhole experiences a change from sharing a same opening and tip,
sharing the same opening but not tip, to forming two completely separate keyholes.
In the state of keyhole sharing the same opening but not tip, the keyhole at the rear
is obviously deeper than that at the front, and there exist many folds on the free
interface of the keyhole, as shown (see Fig. 7.5).

Moreover, the instability of the keyhole in welding results in oscillation of the
keyhole depth. According to the evolution curve of keyhole depth shown in Fig. 7.6, as
the welding speed increases from 2.54 to 6.25 m/min, the oscillation amplitude of the
keyhole depth in tandem dual beam laser welding decreases gradually. Therefore,
it can be seen that the increase in welding speed is conducive to improving the
keyhole stability. According to the quantitative analysis of the depth oscillation, the
frequency of the depth oscillation in typical tandem double beam laser welding is
about 1.4 kHz (see Fig. 7.7), while the frequency of the depth oscillation in single
beam laser welding is about 1.7 kHz (see Fig. 7.8). Compared to single beam laser
welding, it can be found that the oscillation amplitude of the keyhole depth in tandem
dual beam welding decreases significantly with the same heat input. As can be seen
from Fig. 7.9, that the oscillation amplitude of the rear keyhole depth is significantly
higher than that of the front keyhole. The oscillation frequency of the rear keyhole
is about 1.4 kHz, while that of the front keyhole is between 2 and 3 kHz (Fig. 7.9).
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(c) 1.0mm

Fig. 7.5 Shape of the longitudinal section of keyholes in tandem dual beam laser welding with
different beam spacing at 30.71 ms
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7.3.2 Flow Behavior of Moving Weld Pool in Welding

In tandem double beam welding, when the two keyholes merge together, the flow
velocity on the surface of the keyhole opening is more intense and complex than that
on the surface of other areas of the weld pool. There exists an intense downward
flow near the front wall of the keyhole. Besides, there are some characteristic flows
at the rear wall of the bottom of the rear keyhole, as shown in Fig. 7.10. The specific
performance is as follows: first, on the upper part of the rear wall of the keyhole there
exists an upward flow along the wall surface; second, there is a downward flow near
the rear wall of the bottom of the rear keyhole, which leads to vortices of flow behind
the keyhole.

Compared to single beam laser welding, under the same heat input conditions,
the flow in the weld pool in tandem dual beam laser welding is apparently different.
For example, the flow in dual beam welding is slower and gentler, and the downward
flow near the wall surface of the keyhole is weaker than that in single beam laser
welding. However, there are similarities between dual beam laser welding and single
laser welding, e.g., the downward flow and vortices behind the keyhole.

In conclusion, the flow behavior of the weld pool in tandem dual beam laser
welding is very complicated. In the current model, the influence of two main dynamic
factors of recoil pressure and thermal capillary force is considered. Some flow behav-
iors, such as the surface flow at the keyhole opening and the upward flow at the rear
wall of the keyhole, are mainly driven by recoil pressure and thermal capillary force.
However, the high-speed downward flow at the front of the other keyhole and the flow
at the rear wall of the keyhole tip are mainly affected by recoil pressure (Fig. 7.11).

(a)0.150ms (b)3.282ms

(¢)37.907ms (d)46.117ms

Fig. 7.10 Top view of the flow state on the free interface of the keyhole in tandem dual beam
welding
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(a)0.150ms (b)3.282ms

(¢)37.907ms (d)46.117ms

Fig. 7.11 Flow state of a weld pool in tandem dual beam welding

7.4 Mechanism and Influencing Factors of Stability
of Dual-Beam Welding

7.4.1 Stability Mechanism of Dual-Beam Welding

The experimental results by Xie et al., have shown that tandem dual beam laser
welding can significantly improve the stability of the welding process compared
with single beam laser welding. Some studies suggest that the reason for the better
stability of tandem dual beam laser welding is that a bigger opening of the keyhole
can allow gas to escape more easily, thus providing a better degassing effect.

Previous quantitative experimental studies have verified that the flow of weld
pool in tandem dual beam laser welding is more stable than that in single beam laser
welding under the same heat input. Compared with single beam laser welding, the
main difference is that the dynamic behavior of metal vapor is different. However,
the frictional effect of metal vapor is not considered in the simulation study in this
chapter. Therefore, besides the frictional effect of metal vapor, the simulation results
in this chapter imply that there must be some other stability mechanism for tandem
dual beam laser welding.

The results of this study show that the double beam welding technology can obvi-
ously reduce the depth of keyhole. Generally shallower keyholes are not susceptible
to the surface tension and hydrostatic pressure of the metal liquid, so a more stable
process can be obtained. Moreover, the flow in the weld pool is more stable during the
dual beam welding process, because the tandem arranged dual beams can reduce the
power density and increase the surface area of the weld pool, thus reducing the effect
of surface tension. All of these physical factors can help stabilize the laser welding
process. Therefore, the stability mechanism of dual beam welding, compared with
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single beam welding process, is not only due to the degassing effect, but also the
combined action of the above-mentioned factors.

7.4.2 Influence of Process Parameters on Stability
of Dual-Beam Welding

7.4.2.1 Influence of Welding Speed on the Evolution Process of Keyhole
Shape

Figure 7.12 shows the keyhole shape in parallel dual beam welding with different
welding speeds at 35 ms. According to the figure, at the current welding speeds,
the keyhole shape is very irregular, and protrusions are generated in many places
on the wall surface of the keyhole. Figure 7.13 shows the variation curve of the
keyhole depth with the above-mentioned welding speeds at 35 ms. At this point, the
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Fig. 7.12 Shape of keyhole in parallel dual beam welding with different welding speeds at 35 ms
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keyhole depth is 2.23 mm, 1.70 mm and 1.45 mm, respectively. It can be seen that
the keyhole depth decreases as the welding speed increases. Besides, in parallel dual
beam welding, the keyhole shape is generally irregular, and protrusions are generated
in many places on the wall surface of the keyhole.

7.4.2.2 Influence of Beam Spot Spacing on the Evolution Process
of Keyhole Shape

Figure 7.14 shows the keyhole shape in parallel dual beam welding with beam spot
spacing of 0.25 mm, 0.5 mm and 1.0 mm respectively at 35 ms. It can be seen that:
@ when the beam spot spacing is relatively small, two beams will produce a keyhole
together in the same weld pool, as shown in Fig. 7.14a, and the keyhole has a high
depth and a small opening; @ as the spot spacing increases, the two beams create a
keyhole respectively in the same weld pool, with the front wall of the keyhole created
by the first beam closely connected with the rear wall of the keyhole created by the
second beam, as shown in Fig. 7.14b, and at this point, the depth of the keyhole
decreases and the radius of the opening increases; @ when the beam spot spacing is
too large, the two keyholes will be separated, and two relatively independent keyholes
will be formed in the same weld pool, or two separate weld pools and keyholes will
be formed, as shown in Fig. 7.14c. At this point, the depth of the weld pool decreases,
as well as the depth of keyhole and the radius of the opening. Therefore, it can be seen
that in parallel dual beam welding, with the increase of the spot spacing, the keyhole
depth decreases, while the radius of the opening increases. When the beam spot
spacing is too large, the two beams will form two relatively independent keyholes in
the weld pool, and the welding mechanism will also change.

7.4.2.3 Stages of Keyhole Depth Oscillation

Figure 7.15 shows the variation curves of keyhole depth with time in parallel dual

Temperature T/K

| i

I 600 0.4mm

(a) Beam spot spacing of 0.25 mm (b) Beam spot spacing of 0.5 mm (c) Beam spot spacing of 1.0 mm

Fig. 7.14 Shape and temperature distribution of keyhole created by parallel dual beams with
different beam spot spacing
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beam welding with different welding speeds and different spot spacing. It can be
seen that in certain welding process, the keyhole oscillates violently in welding, with
its depth roughly divided into three stages: @ linear increase stage, in which the
keyhole depth grows rapidly in a linear way; @ oscillatory increase stage, in which
the growth rate of keyhole depth slows down, accompanied by small oscillation; @
stable oscillation stage, in which the keyhole depth remains at a relatively fixed value
and oscillates violently up and down.

7.4.2.4 Periodicity of Keyhole Depth Oscillation

Figure 7.16 shows the oscillation curves of keyhole depth within 30-35 ms in the
welding process with different spot spacing. It can be seen that after the keyhole
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reaches the stable oscillation stage, the oscillation takes on a certain periodicity.
When the beam spot spacing is 0.25 mm, 0.5 mm and 1.0 mm respectively, the
number of keyhole oscillation within 30 ms is 5-8 times, which indicates that in
parallel dual beam laser welding, the frequency of keyhole depth oscillation can
reach thousands of Hertz, on the same order of magnitude as single laser welding.

7.4.2.5 Influence of Welding Speed on Characteristics of Keyhole
Depth Oscillation

Figure 7.17 is a statistical graph showing the number of keyhole oscillations with
the amplitude larger than 0.15 mm at different welding speeds within 35-40 ms.
Figure 7.18 shows how the maximum amplitude of the keyhole varies with the
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welding speed. It can be observed that, in simulated welding, with the increase of
the welding speed, the number of keyhole oscillations with the amplitude larger than
0.15 mm and the maximum amplitude decrease; in particular, when the welding
speed reaches 4.0 m/min, the maximum amplitude of the keyhole decreases greatly
to only 0.15 mm. It can be inferred that the keyhole may be in a stable state when the
welding speed is increased to a certain value. It can be seen that in the parallel dual
beam welding process, increasing the welding speed appropriately can improve the
stability of the keyhole.

7.4.2.6 Influence of Laser-Spot Spacing on Characteristics of Keyhole
Depth Oscillation

Figure 7.19 is a statistical graph showing the number of keyhole oscillations with
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the amplitude larger than 0.20 mm at a different laser-spot spacing within 30-35 ms.
Figure 7.20 shows how the maximum amplitude of the keyhole varies with the
laser-spot spacing.

It can be observed that when the laser-spot spacing is 0.25 mm, 0.5 mm, and
1.0 mm, the number of oscillations with a larger amplitude is 8, 5, and 6, respectively,
and the maximum amplitude is 0.6 mm, 0.5 mm and 0.8 mm, respectively, within
30-35 ms. This indicates that proper laser-spot spacing can reduce the likelihood
of inclined collapse and reduce the size of the pores that might be generated. At
the same time, as shown in Fig. 7.20, when the laser-spot spacing is too large, the
weld penetration depth will fluctuate greatly, which will seriously affect the welding
quality. It can be seen that in parallel dual beam welding, if the laser-spot spacing is too
large or too small, the keyhole depth oscillation amplitude will increase, and severe
porosity defects may be generated; and when the spacing is excessively large, the
penetration depth will fluctuate greatly. Therefore, appropriate spot spacing should
be employed when the weld penetration depth permits.

7.5 Summary

(1) In the parallel dual beam welding process, the variation of keyhole depth with
time can be divided into three stages, namely linear growth stage, oscillatory
growth stage and stable oscillation stage. In the stable oscillation stage, the
oscillation of the keyhole exhibits a certain periodicity, and its depth oscilla-
tion frequency can reach thousands of Hertz, which is in the same order of
magnitude as that for single beam laser welding.

(2) Under a specific parallel dual beam welding process, with the increase of
the welding speed, the keyhole depth decreases and the oscillation amplitude
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decreases too. When the welding speed increases to a certain value, the keyhole
is even to be in a stable status.

In the process of parallel dual beam welding, with the increase of the laser-spot
spacing, the keyhole depth decreases but the radius of the opening increases
generally. When the laser-spot spacing is too large, two beams will form two
relatively independent keyholes in the weld pool, and the welding mechanism
will also change. In addition, if the laser-spot spacing is too large or too small,
the keyhole depth oscillation amplitude will increase, and when the spacing is
too large, the weld penetration depth will fluctuate greatly.

In tandem dual beam laser welding, with the increase of the beam spacing, the
welding process experiences the change from a single keyhole, to one opening
but different hole bottoms, and to two independent keyholes. In the general
process of welding with one opening but different hole bottoms, the keyhole
in the rear is larger than the one in the front due to the effect of preheating.
The frequency of keyhole depth oscillation in tandem dual beam laser welding
is several kilohertz, which is equivalent to that for single beam laser welding.
The keyhole depth oscillation amplitude is smaller than that for single beam
laser welding, and the keyhole depth oscillation gradually becomes stable with
the increase of the welding speed.

Under the same heat input conditions, the flow in the weld pool for tandem
dual beam laser welding is more stable than the flow in the weld pool for single
beam laser welding. For dual beam laser welding, the power density in the weld
pool is lower, the superficial area of the weld joint larger, the surface tension
effect weaker, and the weld pool during the welding process is more stable.
Compared with single beam laser welding, the process stability mechanism of
dual beam laser welding is not only caused by the degassing effect of the larger
keyhole, but also by the combined effect of several conducive physical factors.



Chapter 8 ®
Keyhole and Weld Pool Dynamics i
in Laser Welding with Filler Wires

Abstract This chapter introduces the time-dependent keyhole and weld pool
dynamics in laser welding with filler wires. Mathematical models of the welding
process including wire feeding model, boundary conditions, and keyhole and weld
pool coupling model are presented. Keyhole and weld pool behaviors under different
wire transfer modes including droplet and continuous transfer are discussed in detail.
The oscillation mechanisms of keyhole and weld pool in laser welding with filler
wires are investigated. The time dependent dilution behaviors of weld pool by the
filler wire are also studied.

8.1 Introduction

Currently, the common laser welding is basically self-fluxing welding. In self-fluxing
welding, the parent metal is heated and molten under laser action and solidified to
form a weld joint without the use of wire or welding flux. This welding method can
produce excellent weld joints for most materials like steel. Materials like aluminum
alloy and magnesium alloy, however, feature high thermal conductivity, high coef-
ficient of thermal expansion, low surface tension of the weld pool, and volatility of
alloy compositions like Mg, Zn, and Li. When they are subject to laser self-fluxing
welding, evaporation of alloy composition with low-boiling point will degrade the
property of a weld joint and cause cracks, pores, poor welding formation, and other
defects. Moreover, many high-strength aluminum alloys have bad weldability. As
laser self-fluxing welding does not need additional materials, the chemical compo-
sitions of the weld pool and weld joint metal are hard to control. As a result, it is
difficult to form a satisfactory weld joint. In addition, the self-fluxing welding beam
of the ordinary laser is extremely small in diameter, setting high requirements on
gap joints and welding centering (allowance <0.1 mm generally). These factors have
restricted the application of laser self-fluxing welding in practice to some extent.
To address the above limitations of the laser self-fluxing welding and better expand
application of the laser welding, the technique of laser welding with filler wires is
developed based on the laser self-fluxing welding. The welding technique is similar
to MIG welding in principle; the wire feeder is used to drive the wire to enter the
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laser beam action area at certain speed, the wire melts after being heated, the molten
metal enters the parent metal weld pool area, and finally the weld joint is formed
after solidification of the weld pool. Under the appropriate technical condition, by
adding the wire, the weld joint compositions and organization can be controlled, any
welding defects can be restrained, and the tolerance of pre-weld assembly clearance
can be increased.

With the laser welding with filler wires—non self-fluxing welding process as a
study object, this chapter introduces the simulation mathematical model for keyhole
and weld pool dynamics in laser welding with filler wires to reproduce the heat
transfer, flow, free interface motion, and other transient coupling behaviors between
wire, keyhole, and moving weld pool under different technical conditions, focusing
on interpretation of keyhole and weld pool stability, and related mechanisms during
laser welding with filler wires, followed by preliminary exploration of the motion law
of wire element in the weld pool, as well as quantitative prediction of the distribution
characteristics of wire chemical elements in the weld joint.

8.2 Multiphase Transient Coupling Model in Laser
Welding with Filler Wires

8.2.1 Mathematical Model of Wire Melting

In the chapter, addition of droplet is processed into interval increase of enthalpy and
wire composition in the weld joint. Meantime, the enthalpy increment carried by the
droplet is regarded as a volume heat source which has the following characteristic
parameters: radius (R,), height (d), and energy density (S,), including the interaction
between molten droplet and weld pool under different welding conditions. Assumed
that the radius of the volume heat source is 2.7 times the radius of the droplet, the
height is calculated through the following equation based on conservation of energy:

d=hy,—x,+ Dy 8.1)

where, h,—The estimated height of the cavity formed by impact of the molten
droplet;

xy—The moving distance of the center of the latter droplet during collision of two
continuous falling droplets;

Dgy—Diameter of the droplet.

The effective input heat of the molten droplet Q, is defined to be:

Q. = prriwsHy (8.2)

where, p—Density;
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rw— Wire radius;

ws—Wire feed rate;

H ;—Total enthalpy of the droplet.

It should be noted that the heat input Q4 carried into the weld pool by the droplet
will keep the additive at the liquidus temperature. Therefore, the effective heat carried
into the weld pool by the droplet is defined to be as follows:

Qu = prrgwscp(Ty = T) (8.3)

where, c,—Specific heat capacity of liquid metal;

T 4—Temperature of the droplet;

T1—Liquidus temperature.

Based on the conservation of energy, values of both Av and xv in Eq. (8.1) are
calculated as follows:

2 2y \>  Dyv?
hy=|-— +\/< Y ) 4 2% (8.4)
Dgpg Dypg 6g

2y g 1/2
o= | hy 1-— - .
X ( + deg> cos (hv> At (8.5)

where, y—Surface tension of the molten metal,

g—Gravitational acceleration;

vq—Droplet impact velocity;

At—Time interval of the two continuous droplets (At = 1/f, f is the metal-droplet
transition frequency).

The average time energy density on the grid point of the volume heat source Sy
is calculated as per the following equation:

Ou
N 8.6
1= 2D (8.6)

The solute increment carried into the weld pool by the wire is correlated to the
mean time volume mass source S, in the solute conservation equation, and the
volume mass source size S, is assumed the same as the volume heat source, so the
net solute mass Q in the droplet is calculated as follows:

0, = prrjws(Cy —C) (8.7)

where, Cs—Concentration of the solute in the droplet;
C—Concentration of the solute in the parent metal.
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Furthermore, the mean time volume mass source Sy, on the grid point of the mass
source is given by the following equation :

0
nDﬁd

(8.8)

m

8.2.2 Transient Coupling Model of Keyhole and Weld Pool

Irrespective of the impact of wire and parent metal density on the process of laser
welding with filler wires, the conservation of mass equation during the welding with
filler wire can be described as :

—
VelU =0 (8.9)

The method similar to deal with the solid—liquid mushy region in the mathematical
model of the single-beam laser welding process is adopted, and the conservation of
energy equation for describing the laser welding with filler wires is:

—>
oU C
(5 (F+9)T) =9 (D) - o 2T = ZITT + 57517 - 1)

In this equation, the related variable and symbols are consistent with Eq. (3.2)
in Chap. 3. Considering the effect of overheating factor of the wire, convection and
conduction in the weld pool on coupling, the conservation of energy equation for
describing the work piece in the welding process is:

. .
pcp<%_t+(7.v)T> — Ve kVT)+ Sy (8.11)

where, S; —Energy carried into the weld pool by the wire, to be determined according
to Eq. (8.6).

To track the free surface motion of the droplet during metal-droplet transition and
free surface motion of the keyhole, Level Set Method is also adopted in the chapter
to track the free interface. Level Set Control Equation for the free interface is:

Y L TUeVp=0 (8.12)
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8.2.3 Boundary Conditions

On the droplet, liquid bridge, and keyhole free interfaces, considering the impact of
surface tension, recoil pressure, and other forces on the free interface motion, there
exist the pressure boundary conditions consistent with the single-beam laser welding
on the free interfaces.

pf=pr+O'K+2M7.VT1)07 (8.13)
Meantime, on the droplet, liquid bridge, and keyhole free interfaces, there also

exist viscous stress boundary conditions caused by the thermal capillary force, which
are similar to single-beam laser welding.

M(ﬁ ﬁ1 #2)
- - 5 22 iy 4 T =2 5 o 5 = -

— (i 7 2)(i00)" (VO) (07 2) (i 71 7)'
0V,oef; Vio oty ,
+(ifhin)l0 0 0 (i fi 1) (8.14)

0 0 0

In addition, on the free interface, considering the effect of multiple reflection
absorption, thermal radiation, convection, and evaporation on the welding process,
there exist the energy boundary conditions consistent with the single-beam laser
welding.

oT 4 4
ka—_) =q—hT —Tx)—&0(T*"=T3) — pVero T, (8.15)
n

In Eq. (8.12) through (8.15), the meanings of the involved symbols are consistent
with those in Egs. (3.59) through (3.62) of Chap. 3. At last, due to existence of the
wire feed rate U f;y.,, during the falling process of the droplet every time, its initial
speed is

— —
Uo= U rfiiter (8.16)

In addition, during the liquid bridge transition, the initial speed of the liquid bridge
entering the moving weld pool is also equal to the wire feed rate.
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8.3 Keyhole and Weld Pool Dynamics in Welding
with Filler Wires

8.3.1 Behaviors of Transient Keyholes and Weld Pools Under
Free Transition Conditions

Free transition refers to the droplet separating from the wire end and freely falling
to the weld pool, without any contact between wire end and weld pool. This case
is shown in Fig. 8.1. In favor of numerical simulation, it’s assumed that the droplet
falling position is always in front of the keyhole. Figure 8.2 shows the initial free
interface in the numerical calculation.

In Fig. 8.2, the block is parent metal, and the arrow is welding speed direction.
The position of the droplet during welding is shown in Fig. 8.1. According to test
results and welding process, the droplet falling interval during numerical simulation
is set to be 9.64 ms, initial temperature of the droplet is 2500 K, the diameter is
0.9 mm, and the wire feed rate is 0.1 m/s. What’s more, the falling position of the
droplet is not stationary but moving in the welding speed direction at the speed equal
to the welding speed. The technical parameters for the simulated laser welding with
filler wires are shown in Table 8.1.

For numerical simulation, it’s proposed to take the uniform cube grid, with the
specific calculating parameters shown in Table 8.2.

Fig. 8.1 Schematic diagram z

for the droplet free transition
\ - “—\
X

".\_ \

\ )

i ‘
\ (o) \

Fig. 8.2 Initial free interface




8.3 Keyhole and Weld Pool Dynamics in Welding with Filler Wires 209

Table 8.1 Technical parameters of laser welding with filler wires

Laser power/kw | Laser spot radius/mm | Defocusing amount/mm | Welding speed/ (m/min)
1.5 0.2 0.0 3

Table 8.2 Numerical simulation parameters

Grid quantity Spatial step/m | Time step/s | Initial temperature of | Ambient
parent metal/K temperature/K
160 x 60 x 100 |3.0 x 107 3.0 x 10 |300 300

The welding parent metal is TC4, and the physical property parameters are shown
in Table 8.3. Figure 8.3 is the dynamic free interface morphology during droplet free
transition process under the current technical conditions. In the figure, the welding
direction is from right to left, the red part represents gas, and the blue part represents
droplet ad parent metal. Figure 8.3a through f show the free interface morphology
of both droplet and parent metal respectively at 0 ms, 2.09 ms, 3.94 ms, 7.08 ms,
9.64 ms, and 13.59 ms.

As it can be seen from Fig. 8.3, at about 7.08 ms, the droplet is falling to the
front edge of the weld pool. After falling, on one hand, the wire fluid carried by the

Table 8.3 Thermophysical parameters for parent metal

Density | Specific Thermal Liquidus Solidus Latent | Latent heat | Boiling
/(kg/m3) | heat conductivity | temperature | temperature | heat of | of point
capacity | /[W/(m*K)] |/K /K melting | evaporation | /K
/J/(kg*K)] /A/kg) | /J/kg)
4000 660 25 1928 1878 37 x |89 x10% |3315
10°

( a)0ms (h)? (9ms (e)39%ms

(d)7.08ms (e)9.64ms (£)13.59ms

Fig. 8.3 Transient keyhole morphology on the longitudinal section during droplet free transition
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(a)0ms (b )2.09ms (¢)3.94ms

(d)7.08ms (e)9.64ms (f)13.59ms

Fig. 8.4 Weld pool morphology of longitudinal section during the droplet free transition process

droplet will flow into the keyhole along the front wall of the keyhole. On the other
hand, due to overheating of the droplet, the carried heat will melt the parent metal in
the front part of the keyhole, hence to thicken the weld pool close the front wall of
the keyhole. The above two factors tend to aggravate the front boss phenomenon of
the keyhole wall, as shown in Fig. 8.3d through f. Since the droplet falling interval
is 9.64 ms, the second droplet appears in Fig. 8.3e.

Figure 8.4 is the weld pool transient morphology on the longitudinal section
during the droplet free transition. In the figure, the green part (other than the droplet
part) represents the keyhole, and the red part between parent metal and keyhole is
the weld pool.

As it can be seen from Fig. 8.4, the weld pool is also gradually forming while
the keyhole is forming. Over time, the liquid in the weld pool at the back edge of
the keyhole gradually increases by accumulation, and therefore, it can be inferred
that the weld pool finally reaches the quasi-steady state when the welding speed is
consistent with the solidification rate at the back edge of the weld pool. Furthermore,
addition of the droplet can effectively increase the volume of the weld pool in front
wall of the keyhole.

Figure 8.5 is the transient evolution process of the 3D free interface morphology
during the metal-droplet transition process. In the figure, the color represents temper-
ature, and the blue plane represents the surface of the parent metal. According to
Figs.8.3 and 8.4, it’s found that the droplet spreads out after falling to the surface of
the parent metal, and scatters all round. As the droplet is very close to the keyhole,
some droplets are easy to flow into the keyhole, which may aggravate instability of
the keyhole. It shows from analysis and discussion of the above simulation results
that, the metal-droplet transition mathematical model developed in the chapter can
reasonably simulate the complicated transient interaction between droplet, keyhole,
and moving weld pool during the laser welding with filler wires. Meantime, the
above-mentioned results also show that, under the technical condition of the wire
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Fig. 8.5 3D morphology of the droplet free transition

transitioning to the weld pool in the form of droplet with the wire keeping in front,
part of metal liquid carried by the droplet may flow into the keyhole, which will
aggravate the boss phenomenon in the front wall of the keyhole, hence to aggravate
the instability of the keyhole.

8.3.2 Influences of Wire Feed Speed on Transient Keyhole
and Weld Pool Behaviors in Free Transition

Unless otherwise noted, the numerical simulation parameters mentioned in the
section are consistent with the corresponding parameters in Sect. 8.3.1.

Figure 8.6 is the morphology comparison of the free interface, moving weld
pool, 3D droplet, and keyhole free interface at the two wire feed rates of 0.1 and
0.06 m/s. Figure 8.6a through Fig. 8.6¢ are respectively the 2D sectional drawing of
keyhole, 2D sectional drawing and 3D morphology of weld pool after 13.59 ms of
the free transition transient laser welding at the speed of 0.1 m/s; Fig. 8.6d through
f are respectively the longitudinal section of keyhole, longitudinal section and 3D
morphology of weld pool after 13.59 ms of the transient laser welding of the droplet
free transition at the speed of 0.06 m/s. It is found through comparison that, when
the simulation result is at 13.59 ms at the speed of 0.1 m/s, part of the second droplet
has entered the weld pool, while for the simulation at the speed of 0.06 m/s, the first
droplet has not completely entered the weld pool at the same time. It shows that
the higher the wire feed rate is, the shorter the time of the droplet liquid entering
the keyhole, and the deeper the impact on the keyhole stability will be, as shown in
Fig. 8.6b, e.
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(a) Keyhole longitudinal-section (b) Weld pool morphology (c) Free interface morphology

(d) Keyhole longitudinal-section (e) Weld pool morphology (f) Free interface morphology
morphology

Fig. 8.6 Comparison of the results at the welding time of 13.59 ms at different wire feed rates with
the droplet in the free transition mode.(Wire feed rate from (a) to (c¢) is 0.1 m/s, while that from
(d) to (f) is 0.06 m/s)

Figure 8.7 is the changing curve for the absolute values of maximum speeds over
time in the welding pool when the wire feed speed is at 0.1 and 0.06 m/s. In the
figure, the horizontal axis is the time, and the longitudinal axis is the absolute value
of maximum speed in the weld pool. Where, the red line represents the changing
curve for the maximum speeds of the laser welding pool over time at the wire feed
rate of 0.1 m/s, while the green line is the curve at the wire feed rate of 0.06 m/s.
It can be seen from the figure that, when the welding time is at 0—6 ms, changes
of the two curves have no distinct difference, because the droplet gradually spreads
on the surface of the parent metal before impacting the transient behaviors of both

Fig. 8.7 Curve of maximum ir
speed absolute value-time
function of the weld pool at
different wire feed rates

—— Additive speed 0.1 m/s
— Additive speed 0.06 m/s

L]

Maximum speed of the weld
pool/(m/s)
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weld pool and keyhole. At the interval of 7-11 ms, it can be found that when the
wire feed rate is low, the time reaching the peak of maximum speed is slightly later
than the process at the high wire feed rate, mainly because when the wire feed rate
is relatively low, the time affecting the weld pool is slower than that when the wire
feed rate is high. At the interval of 11-15 ms, when the wire feed rate is low, the
change of maximum speed of the weld pool is slightly greater than that when the
wire feed rate is 0.1 m/s, so it can be assumed that the welding pool mobility is more
unstable. It is suggested through analysis that, the reason for the above result is that
when the wire feed rate is high, there are already two droplets entering into the weld
pool within the time under study, so that the volume is larger than that when the wire
feed rate is low. Therefore, at the same laser power, change of the maximum speeds
of the weld pool is gentler than that when the wire feed rate is low.

It shows from the above simulation results that, when the wire enters into the weld
pool in the free transition mode, increasing the wire feed rate may cause instability
of the keyhole. But under certain condition, reasonably raising the wire feed speed
can increase the volume of the weld pool, hence to improve the stability of the weld
pool to certain extent.

8.3.3 Influences of Wire Diameter on Transient Keyhole
and Weld Pool Behaviors in Free Transition

Unless otherwise noted, the numerical simulation parameters mentioned in the
section are consistent with the corresponding parameters in Sect. 8.3.1.

Figure 8.8 shows the comparison of the simulation results at the transient welding
moment of 13.59 ms under different wire diameters in free transition mode. The
figures (a) through (c) show the keyhole cross-section morphology, weld pool
morphology and free interface morphology under the wire diameter of 1.2 mm.
The figures (d) through (f) show the corresponding results under the wire diameter
of 0.9 mm.

The larger the molten droplet diameter, the more intense the protrusion of the
front wall of the keyhole, as shown in the figure. It can be speculated that excessive
large diameter of wire will bring adverse effects on the stability of the keyhole. In
addition, in case of fixed wire feed rate, the momentum of the metal-droplet transition
to the weld pool increases due to the increased radius, so the addition of wire has
an intensified disturbance effect on the weld pool. To further illustrate this issue,
the fluctuation of maximum speed absolute value of the weld pool under the two
conditions is analyzed.

Figure 8.9 shows the comparison of maximum speed absolute values of the weld
pool under different wire diameters in free transition mode. Where, the red line is
the variation curve of the maximum speed absolute value of the weld pool at a wire
diameter of 1.2 mm as a function of time, and the green line is the variation curve of
the maximum speed absolute value of the weld pool at a wire diameter of 0.9 mm
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as a function of time. It can be seen from the figure that in the 0-5 ms stage, the two
curves change in a very similar way, but in the 5-15 ms stage, the maximum speed
of the weld pool changes dramatically in the event of large wire diameter. It can be
concluded that excessive large diameter of the wire will weaken the stability of the
weld pool in the process of laser welding with filler wires.

The foregoing simulation results indicate that when the wire enters the weld pool
in free transition mode, the excessive large diameter of the wire will weaken the
stability of the transient keyhole and the moving weld pool.

- -l

(a) Keyhole longitudinal-section (b) Weld pool morphology (c)Free ihter:f.é"c.:é.n%orp‘ﬁcglogy
morphology
(d) Keyhole longitudinal-section (e) Weld pool morphology (f) Free interface morphology

morphology

Fig. 8.8 Comparison of the results at the welding moment of 13.59 ms under different wire
diameters in free transition process

Fig. 8.9 Curve of maximum 4r —— Additive diameter of 0.9 mm
speed absolute value-time ——Additive diameter of 1.2 mm
function of the moving weld
pool under different wire
diameters in free transition
mode
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8.3.4 Transient Keyhole and Weld Pool Behaviors Under
Contact Transition Conditions

Contact transition refers to the contact between the metallic liquid at the end of the
wire and the surface of the weld pool for the purpose transition. In this transition
condition, the connection between the wire and the weld pool is normally called
liquid bridge in studies. The case is shown in Fig. 8.10. The end of the liquid bridge
formed through the melted wire is simplified as hemispherical shape at the initial
stage in the numerical simulation process (see Fig. 8.11). The position of the wire
entering the weld pool (such as the laser welding position) is shown in Fig. 8.10.

It is assumed that the inlet diameter of the liquid bridge is 0.9 mm and the falling
speed is 0.1 m/s in the simulation process according to the technical parameters.
Besides, the liquid is set to enter from the inlet boundary in the numerical simulation
process. The laser, located behind the inlet boundary, moves forward together with the
inlet boundary at the welding speed. Relevant welding technical parameters are listed
in the Table 8.4. For numerical simulation grid, it’s proposed to use the uniform cube
grid, with the specific calculating parameters shown in the Table 8.5. The welding
parent metal is TC4 in the welding process, with the physical property parameters
shown in the Table 8.6.

Figure 8.12 shows the longitudinal-section morphology of the transient keyhole
in the contact transition process under the current technical condition. In the figure,

N

N

Fig. 8.10 Contact transition
diagram

Fig. 8.11 Initial free
interface morphology
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Table 8.4 Technical parameters of laser welding with filler wires

Laser power/kw | Laser spot radius/mm | Defocusing amount/mm | Welding speed/ (m/min)

1.5 0.2 0 3

Table 8.5 Numerical simulation parameters

Grid quantity | Spatial step/m | Time step/s | Initial temperature of | Ambient temperature/K
parent metal/K

160 x 60 x 80 |3.0 x 107 3.0 x 1070 | 300 300

Table 8.6 Thermophysical parameters for parent metal

Density | Specific Thermal Liquidus Solidus Latent | Latent heat | Boiling

/(kg/m?) | heat conductivity | temperature/K | temperature/K | heat of | of point
capacity /[W/(m*K)] melting | evaporation | /K
/[3/(kg*K)] /Q/kg) | 1J/kg)

4000 660 25 1928 1878 37x |89x10° |3315

10°

(a)0oms (b)1.78ms (¢ )4.63ms
(d)7.51ms (e)11.44ms (£)15.15ms

Fig. 8.12 Transient keyhole morphology on the longitudinal section of the molten droplet contact
transition process

the welding direction is from right to left, the red part represents gas, and the blue
part represents droplet ad parent metal. Figure 8.12a through Fig. 8.12f show the free
interface morphology on the longitudinal section at the moment of 0 ms, 1.78 ms,
4.63 ms, 7.51 ms, 11.44 ms and 15.15 ms, respectively. It can be seen from the figures
that the keyhole is gradually formed with the advancing of the welding process;
meanwhile, the molten droplet fluid gradually flows into the keyhole along the wall
surface of the keyhole, leading to a tendency of keyhole closing at the moment of
15.15 ms. Therefore, similar to free transition, the flow of the molten droplet to
the weld pool in contact transition mode under given technical condition may also
intensify the instability of the keyhole.

Figure 8.13 shows the evolution process of the weld pool. In the figure, the green
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(a)0ms (b)1.78ms (c)4.63ms

Fig. 8.13 Transient formation process of the moving weld pool in contact transition

part (except the molten droplet part) represents the keyhole, and the red part between
the blue part and the keyhole represents the weld pool. Figure 8.12a through Fig. 8.12f
show the cross-section views of the weld pool in contact transition after O ms, 1.78 ms,
4.63 ms, 7.51 ms, 11.44 ms and 15.15 ms respectively. It can be seen from the figures
that with the advancing of the welding process, the liquid in the weld pool gradually
increases along the keyhole back edge and the weld pool volume also increases;
the molten droplets not only accumulate in the weld pool front edge but also melt
partial parent metal. As the molten droplets continuously enter the weld pool, a large
protrusion emerges on the front wall of the keyhole, which is very evident at the
moment of 15.15 ms.

Figure 8.14 shows the three-dimensional free interface morphology in contact
transition, where color represents temperature and blue plane represents the parent
metal surface. Figure 8.14a through Fig. 8.14f show three-dimensional free interface
morphology at 0 ms, 1.78 ms, 4.63 ms, 7.51 ms, 11.44 ms and 15.15 ms, respectively.
The temperature field indicates that the temperature at the corresponding position
of the parent metal starts to rise when the high-temperature liquid at the end of the

(a)Oms (b)1.78ms (¢ )4.63ms
g-- h % %ﬁ
(d)7.51ms (e)1l.44ms (£)15.15ms

Fig. 8.14 Evolution process of three-dimensional free interface morphology in contact transition
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wire transits to the surface of the parent metal. The front edge temperature of the
keyhole increases as the metal liquid spreads out. The higher the temperature of
the keyhole front wall, the greater the recoil pressure. Therefore, the wire solution
will flow quickly into the keyhole under the action of recoil pressure, resulting in
instability of the keyhole.

The foregoing simulation results indicate that, if the wire enters the weld pool in
contact transition mode in the process of laser welding with filler wires, the molten
droplet liquid may flow into or be pushed into the keyhole by the recoil pressure to
reduce the stability of the keyhole.

8.3.5 Influences of Wire Feed Speed on Transient Keyhole
and Weld Pool Behaviors in Contact Transition

The keyhole and weld pool behaviors under the two wire feed rates of 0.1 and
0.06 m/s are discussed below. Figure 8.15 shows the comparison of simulation results
at different additive speeds in contact transition.

Figure 8.15a through Fig. 8.16c show the keyhole longitudinal-section
morphology, the weld pool morphology and the free interface morphology at
the welding transient moment of 15.15 ms under the wire feed rate of 0.06 m/s
respectively. Figure 8.15d through Fig. 8.15f show the keyhole longitudinal-section
morphology, the weld pool morphology and the free interface morphology under the
wire feed rate of 0.1 m/s. It can be seen from the figures that the larger the wire feed
rate, the larger the weld pool near the keyhole front and back edge.

To better analyze and compare the two technical conditions, the variation curve of
the maximum speed absolute value of weld pool with time at different contact tran-
sition speeds is created, as shown in Fig. 8.16. The red line represents the maximum
speed variation curve of the weld pool with time at the contact transition speed of

(a) Keyhole longitudinal-section (b) Weld pool morphology
morphology

(d) Keyhole longitudinal-section (e) Weld pool morphology (f) Free interface morphology
morphology

Fig.8.15 Comparison of results at the welding moment of 15.15 ms under different wire feed rates
in contact transition mode



8.3 Keyhole and Weld Pool Dynamics in Welding with Filler Wires 219

Fig. 8.16 Curve of 4r
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0.06 m/s, while the green line represents the maximum speed variation curve of the
weld pool with time at the contact transition speed of 0.1 m/s. As can be seen from
the figure, the little difference in the wire feed rate under the two conditions leads
to small fluctuation in the maximum speed tendency of the weld pool. However,
the larger the wire feed rate, the smaller the maximum amplitude of the weld pool
maximum speed fluctuation. The analysis suggests that this is mainly because large
wire feed rate improves the stability of the weld pool to some extent.

It can be concluded from the foregoing analysis and discussion that, in the process
of laser welding with filler wires, when the wire enters the weld pool in contact
transition mode, increasing the wire feed rate to some extent can improve the stability
of the weld pool.

8.3.6 Influences of Wire Diameter on Transient Keyhole
and Weld Pool Behaviors in Contact Transition

Unless otherwise noted, the numerical simulation parameters mentioned in this
section are consistent with the corresponding parameters in Sect. 8.3.4.

Figure 8.17 shows the comparison of the simulation results at the welding moment
of 13.59 ms under different wire diameters in free transition mode. The figures (a)
through (c) show the keyhole cross-section morphology, weld pool morphology and
free interface morphology under the wire diameter of 1.2 mm. The figures (d)—(f)
show the corresponding results under the wire diameter of 0.9 mm. According to
the figures, it is apparent that the increase in the wire diameter and the flow liquid
will generate more impact force on the weld pool, which weakens the stability of
the flow in the weld pool; this can also be verified by the comparison with the three-
dimensional free interface morphology: the surface of weld pool becomes rougher
with the increase in the diameter. To better illustrate this conclusion, the maximum
speed values of the weld pool under the two conditions are compared, with the
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(a) Keyhole longitudinal-section (b) Weld pool morphology c) Free interface morphology
morphology
(d) Keyhole longitudinal-section (e) Weld pool morphology (f) Free interface morphology

morphology

Fig. 8.17 Comparison of the results at the welding moment of 13.59 ms under different wire
diameters in free transition mode

statistical results shown in Fig. 8.18. The red line represents the maximum speed
variation curve of the weld pool with time at the additive diameter of 1.2 mm in
contact transition, while the green line represents the maximum speed variation curve
of the weld pool with time at the additive diameter of 0.9 mm in contact transition.
According to the overall tendency of the red curve in Fig. 8.18, big fluctuation
exists in the maximum speed of the weld pool with a larger diameter between 3 and
5 ms in contact transition. The analysis shows that this is because of the impact on
the weld pool due to the wire that just enters the weld pool. The overall tendency of
the two curves reveals that the larger the contact transition radius, the more dramatic
the fluctuation. In case of the additive diameter of 0.9 mm, the maximum speed of
the weld pool changes between 0.5 and 3.25 m/s in contact transition, in case of the
additive diameter of 1.2 mm, the maximum speed of the weld pool changes between
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1.0 and 2.0 m/s. When the maximum speed of the weld pool fluctuates violently, the
flow stability is relatively poor, meaning poor flow stability of the weld pool.

It can be concluded from the foregoing simulation analysis and comparison that
in the process of laser welding with filler wires, when the wire enters the weld pool
in contact transition mode, the increase of wire diameter under given conditions will
result in the increase of the maximum speed absolute value fluctuation of the weld
pool, thus weakening the stability of the weld pool.

8.3.7 Comparison of Transient Keyhole and Weld Pool
Behaviors in Free Transition with Those in Contact
Transition

The transient keyhole and moving weld pool behaviors in the process of laser welding
with filler wires and the process of single-beam laser welding are compared and
analyzed in this section. The main technical conditions used during the comparison
and analysis are consistent, as shown in Tables 8.1 and 8.4. The same is true for the
material of the parent metal and the parameters used in numerical calculation. In the
process of laser welding with filler wires, the contact transition and free transition
are simulated respectively.

Figure 8.19 shows the comparison of simulation results of non-metal-droplet
transition (single-beam laser welding), free transition and contact transition at the
same moment under the same conditions. At the same moment, the single-beam laser
welding has a greater penetration depth and a smaller weld pool in the keyhole front
and back edge, as shown in the figure. The analysis reveals that in the process of
welding with filler wire, the addition of wire absorbs some laser energy, which leads
to a decrease in the penetration depth.

Figure 8.20 shows the comparison of the maximum speed of the weld pool in non-
metal-droplet transition, free transition and contact transition. Where, the red line
represents the maximum speed variation curve of the weld pool with time in contact
transition, the black line represents the maximum speed variation curve of the weld
pool with time in free transition, and the blue line represents the maximum speed
variation curve of the weld pool with time in non-metal-droplet transition. According
to the variation trend of the three curves, the weld pool in non-metal-droplet transition
(blue line) has a significantly greater fluctuation frequency of maximum speed than
that in contact transition and free transition, which indicates that the flow stability of
the weld pool in non-metal-droplet transition is lower than that in free transition and
contact transition. However, the maximum speed variation fluctuation of the weld
pool with time in free transition is slightly larger than that in contact transition. In
the initial stage, because of the influence of transition droplets, the maximum speed
of the weld pool in free transition increases from 0 to 2.2 m/s, and then fluctuates
around 1.75 m/s, with the maximum value of 3.0 m/s and the minimum value of
1.5 m/s. However, the fluctuation in contact transition is gentle. It fluctuates around
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(a) Keyhole longitudinal-section (b) Weld pool morphology (c) Free interface morphology
morphology

(d) Keyhole longitudinal-section (e) Weld pool morphology (f) Free interface morphology
morphology
(9) Keyhole longitudinal-section h) Weld pool morphology (i) Free interface morphology

morphology

Fig. 8.19 Comparison of simulation results at the welding moment of 15.15 ms in non-metal-
droplet transition, free transition and contact transition. a—c¢ non-metal-droplet transition; d—f free
transition; g—i contact transition

Fig. 8.20 Curve of the 35T — gontz:ct trgtr]sition
maximum speed absolute s0h | — Nfinii'ésl'.é?gplet
value-time function of the & | transition
weld pool in £ 25f | |
non-metal-droplet transition, 3 " |
P 20} [

free transition and contact % ) | ,‘ ﬁ th
transition £ 1sh Ui (Yl AL L

2 WUAVA WA A AR N P

< 1.0} U | V

] el |/

> | | (]

0.5}
0 2 4 6 8 10

Time/ms



8.3 Keyhole and Weld Pool Dynamics in Welding with Filler Wires 223

1.75 m/s, with the maximum value of 2.6 m/s and the minimum value of 1.6 m/s.
The quantitative analysis indicates that compared with the free transition, the contact
transition can better promote the stability of the flow in the weld pool of laser welding
during the wire addition process. According to the analysis based on Fig. 8.19, it is
mainly because the addition of wire increases the width and length of the weld pool
around the keyhole, that is, the flow range around the keyhole, which further reduces
the maximum speed fluctuation of the weld pool and improves the stability of the
weld pool.

The above simulation results show that under the current research conditions, the
process of single-beam laser welding can bring about a greater penetration depth
than the process of laser welding with filler wires. However, the weld pool has a
better stability in the process of laser welding with filler wires than the process of
single-beam laser welding, no matter the wire enters the weld pool in free transition
mode or contact transition mode. Relatively speaking, the moving weld pool has the
optimal stability in contact transition.

8.4 Instability of Keyhole and Weld Pool in Welding
with Filler Wires

8.4.1 Weld Pool Dynamics in Single Beam Laser Welding
and Laser Welding with Filler Wires

In this section, the weld pool dynamics in the process of single-beam laser welding
and the process of laser welding with filler wires is studied through a high-speed
photography test to qualitatively verify some conclusions in Sect. 8.3.1. In the
welding test, the equipment used is YLR-4000 type fiber laser, with the material
of aluminum alloy. The diameter of wire is 1 mm and the material is SA1-Mg5. To
avoid oxidation of aluminum alloy weld pool during welding, argon is adopted for
protection.

Figure 8.21 shows typical images of the weld pool surface during single deep
penetration laser welding. It can be seen from the figure that the surface of the weld
pool is very unsmooth, and the weld pool fluctuates violently. The subsidence on the
surface of the weld pool is relatively serious, and there are two serious subsidence
occurrences near the opening of the keyhole and the tail of the weld pool. The above
test results indicate that the stability of the weld pool is poor during the single-beam
laser welding of aluminum alloy.

Figure 8.22 shows typical images of the weld pool surface during laser welding
with filler wires. As can be seen from the figure, due to the addition of the wire, the
fluctuation of the surface of the weld pool is significantly reduced, and the unevenness
of the subsidence on the surface of the weld pool is more moderate compared with
that of the single-beam laser welding.
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Fig. 8.21 High-speed photography images of the weld pool surface during single-beam laser
welding (Power: 3 kW, welding speed 1.5 m/min)
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Fig. 8.22 High-speed photography images of the weld pool surface during laser welding with filler
wires (Power: 2.6 kW, welding speed 2 m/min, wire feed rate 7 m/min)

Although the welding technical parameters in Figs. 8.21 and 8.22 are not consis-
tent, the above test results prove that laser welding with filler wires can effectively
reduce the fluctuation of weld pool and improve the stability of weld pool. The test
results are qualitatively consistent with the simulation results (Sect. 8.3.7) of the
transient keyhole and the moving weld pool in the welding with filler wire process
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established in this chapter, which confirms the mechanism, proposed in Sect. 8.3 in
this chapter, that the addition of wire weakens the maximum velocity fluctuation in
the weld pool and improves the stability of the weld pool is reasonable.

8.4.2 Weld Pool Dynamics in Welding with Filler Wires
Under Different Wire Feed Speeds

In this section, the weld pool dynamics during laser welding with filler wires at
different wire feed rates is studied through a high-speed photography test, and then
the simulation results obtained in Sect. 8.3 are verified qualitatively. Consistent with
Sect. 8.4.1, in the welding test, a fiber laser is used as the laser, and the material is
aluminum alloy; the diameter of the wire is | mm and the material is SA1-Mg5; in
addition, argon gas is used to protect the weld pool during the welding process.
Figure 8.23 shows the weld pool morphologies in the process of laser welding
with filler wires at the wire feed rate of 2 m/min and 6 m/min, respectively. As can
be seen from the figure, when the wire feed rate is 2 m/min, there are many large
waves on the surface of the weld pool, especially near the keyhole, which indicates
that the surface of the weld pool fluctuates violently under this technical condition;
when the wire feed rate is 6 m/min, the fluctuation of the weld pool in other parts is
very weak except that there is a small fluctuation in the weld pool near the location
of the keyhole. Therefore, the above test can show that increasing the wire feed rate
under certain conditions can effectively improve the fluctuation of the weld pool.

(c) r+0ms (d) +0.5ms

Fig. 8.23 Images of weld pool surface during welding with filler wire at different wire feed rates
(power 2.6 kW, welding speed 2 m/min). a—b Wire feed rate 2 m/min; c—d Wire feed rate 6 m/min
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8.4.3 Mechanism of Keyholes Instability in Welding
with Filler Wires

According to the numerical simulation results in Sect. 8.3, in the process of laser
welding with filler wires without complete penetration, when the wire is located in
front of the keyhole, the use of welding with filler wire can stabilize the stability
of the moving weld pool; however, because the metallic liquid may flow into the
keyhole or be pushed into the keyhole by recoil pressure along the forearm of the
keyhole, whether the wire enters the weld pool in the form of molten drop or liquid
bridge, there is a tendency to increase the lug boss phenomenon of the front wall of
the keyhole, that is to say, the addition of the wire may increase the instability of
keyholes.

In order to verify the rationality of the mechanism, the recent test work on laser
welding with filler wires by Dr. Yu Yangchun from Huazhong University of Science
and Technology (HUST) is quoted for verification, which is shown below. In their
welding tests, the parent metal is 4 mm thick SA06 aluminum alloy plate, and the
additive is SA1-Mg5 wire with a diameter of 1 mm. In addition, YLR4000-type fiber
laser of IPG company is used for welding. The defocusing amount is set to zero, and
single laser welding and laser welding with filler wires tests are performed separately
during the welding process. The test parameters and technical parameters used are
shown in Table 8.7. Figure 8.24 shows the corresponding pictures of the longitudinal
section and cross section of the weld joint.

It can be seen from Fig. 8.24 that the filler wire penetration under the condition
of the same power and welding speed is a little shallower than that of single-beam
laser welding, which is consistent with the simulation results of Sect. 8.3.7 in this

Table 8.7 Technical parameters of laser welding with filler wires

No | Laser power/kw | Welding speed/ (m/min) | Wire feed rate/(m/min) | Plate thickness/mm
1 3 2 0 4
2 |3 2 4 4
3 35 1.2 7 4
4 |38 1.2 7 4
[ | | 2 n
el -
3 e 1 R L 4 ol |

i
. » L

Fig. 8.24 Longitudinal section and cross section (weld joint) of the weld joint under the
corresponding process in Table 8.7
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chapter; in addition, under the same power and welding speed conditions, there are
much more large pores inside the cross section of the weld bead than that during the
single-beam laser welding process (see Fig. 8.24 (1) and (2)), which strongly proves
that the keyhole may be more unstable in the laser welding with filler wires process
than in the single-beam laser welding process when the wire is located in front of
the keyhole. In addition, even if the stability of the moving weld pool is improved
by increasing the wire feed rate, there are still many large pores on the weld bead,
which further indicates that the stability of the keyhole in the laser welding with
filler wires process is very poor. According to the mechanism of single-beam laser
welding process confirmed in Chapter 3, under general conditions, the shallower the
penetration, that is, the shorter the keyhole, the higher the stability of the keyhole.
However, the results of Fig. 8.24 (1) and (2) confirm that a keyhole with shallower
penetration is more unstable. Obviously, the only possible explanation is that the
addition of the wire increases the instability of the keyhole in the laser welding with
filler wires process.

In view of the above phenomenon, according to the test results, Dr. Yu Yangchun
speculated that the wire may form periodic unstable molten drops in the laser welding
with filler wires process, and during the transition into the weld pool, some of the
molten drops enter the keyhole, thus increasing the instability of the keyhole. In
addition, the jitter of the wire feeder may also increase the instability of the keyhole.
In this study, through theoretical simulation, the process of the wire entering the
keyhole and increasing the instability of the front wall of the keyhole is reproduced
visually, which, in theory, directly confirms that Dr. Yu Yangchun’s speculation that
the molten drops entering the keyhole may increase the instability of the keyhole is
reasonable. In addition, the theoretical study in this chapter also confirms that even
if periodic molten drops can exist steadily in the process of welding with filler wire
and enter the weld pool under ideal conditions without unstable wire feed structure,
it is still likely to increase the instability of the keyhole, and even if the wire enters
the weld pool in an ideal and uniform contact transition (liquid bridge transition)
way, it is still likely to increase the instability of the keyhole.

8.5 Dynamic Dilution Behavior of Moving Weld Pools
in Welding with Filler Wires

8.5.1 Model of Dilution in Weld Pools

In laser welding with filler wires, the chemical compositions of the wire convectively
move along with the velocity field of the moving weld pool after entering the moving
weld pool. At the same time, the chemical compositions can diffuse inside the weld
pool. The calculation by using the thermophysical property calculation software
JMatPro shows that the diffusion coefficients of general wire metal elements in a
liquid weld pool are small, about 10~8m?/s orders of magnitude. Despite varying
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diffusion coefficients depending on the chemical composition in a weld pool, the
high-temperature weld pool exists for a very short time (usually tens of milliseconds).
In addition, given the high-speed fluid dynamics in the moving weld pool, convection
is likely to have a dominant influence on the movement of chemical compositions of
a wire. Therefore, the model in this study is established based on assumption that the
chemical compositions of wires have the same diffusion coefficients in the moving
weld pool. The model ignores solid-phase diffusion, considering small diffusion
coefficients of chemical compositions in solid alloys. In addition, in non-self-fluxing
laser welding, there is little difference between wire density and the density of parent
metal. Therefore, in the numerical simulation process, we assume that wire density
and the density of parent metal are always equal. Based on the above assumptions, the
two-phase flow equation of the wire fluid and the parent metal fluid in a moving weld
pool can be defined by single-phase flow Navier—Stokes equations in combination
with a conservation of concentration field equation.

The flow and diffusion of the metallic liquid formed when the wire is melted
(different from the metallic liquid formed when the parent metal is melted) in the
weld pool is regarded as an indivisible “chemical composition”. Comprehensively
considering the influence factors of convection and diffusion of the “chemical compo-
sition” of the wire in the moving weld pool, the conservation of the concentration
field equation of the wire compositions is as follows:

8C+ 8C+ 8C+ aC 8( 3C)+8( 8C)+8( BC) 8.17)
—tu—4v—4w—=—y—)+—y—)+ —(y— .
ot ox ay az ox yBx ay v ay 0z 4 9z

where, C—Concentration of the element of the wire;

y—Diffusion coefficient of the element of the wire inside the moving weld pool;

u, v, w—The velocities of metallic liquid in three directions in the moving weld
pool. They can be obtained by solving a similar equation from (8.9) to (8.12). To
solve Eq. (8.17), the Navier—Stokes equation and the conservation of energy equation
need to be solved. If the evolution process of a transient keyhole is considered, the
Level Set equation describing free interface motion must be also solved.

After the concentration distribution of the wire in any micro area in the moving
weld pool is obtained by solving the Eq. (8.17), the specific distribution of chemical
compositions at any time in the weld pool can be determined quickly. The following is
an example to illustrate how to calculate the specific distribution of the concentration
of chemical compositions in the moving weld pool. It may be assumed that the
concentration of wire in a micro area is C, and given an element (assumed to be

aluminum) in the wire alloy, if the content of aluminum in the wire is C/"*" and the
content of aluminum in the parent metal is C4%*, then the content of aluminum in

the micro area is C;, which is as follows:

Car=C x CL" + (1 —C) x Cchase (8.18)
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In order to obtain the information of the flow field, temperature field and free
interface of keyholes in the moving weld pool, boundary conditions such as the
pressure, viscous stress and energy similar to that in Egs. (8.13)—(8.16) must be
considered in the simulation process. In addition to the above boundary conditions,
the initial boundary conditions of the chemical compositions of the wire must also
be considered to simulate the dynamic dilution process of the chemical compositions
of the wire.

In theory, the simulation results of the keyhole and weld pool in the welding
with filler wire in this chapter can provide initial conditions such as composition for
dynamic dilution research. However, because the physical mechanism of the laser
welding with filler wires is very complicated, if the simulation results in this chapter
are used as initial conditions, it will bring great difficulties to the test verification of
the simulation results of the dynamic dilution research. In order to facilitate the test
verification of the established dynamic dilution simulation of the moving weld pool,
an idealized boundary condition is set up and a layer of wire powder is required
to be laid on the surface of the moving weld pool. That is, at these locations, the
concentration values of the chemical compositions of the wire have the following
boundary conditions

C=10 (8.19)

8.5.2 Dynamic Dilution Behavior in Quasi-Steady Weld Pools

As the laser welding process goes on, the moving weld pool will enter a relatively
stable state, and the obtained weld joint tends to be in a relatively stable shape, that is,
the welding process enters the quasi-steady state. After the welding process reaches
the quasi-steady state, on the one hand, the melted wire material will continuously
enter the weld pool from the melting front of the front end of the moving weld
pool; on the other hand, the chemical compositions carried in the wire will gradually
leave the moving weld pool from the solidification front of the moving weld pool.
Therefore, studying the dilution process of the chemical compositions of the wire
in the moving weld pool when the welding process reaches the quasi-steady state
is of great significance to explain the dynamic dilution mechanism of the moving
weld pool in the laser welding process and reveal the distribution law of the chemical
compositions of wire inside the weld joint.

8.5.2.1 Calculation for Quasi-Steady Moving Weld Pools

By solving the transient coupling model of laser welding and laser welding with filler
wires, important information such as the three-dimensional morphology, temperature
field, flow field and keyhole morphology of the quasi-steady moving weld pool during
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Table 8.8 T;(ihnical i Laser Laser spot Defocusing Welding
parameters of laser welding power/kW radius/mm amount/mm speed/
(m/min)
2 0.3 0 2

single-beam laser welding and welding with filler wire may be obtained. However,
due to current limited computer capabilities, it is difficult to obtain, by calculation in
a reasonable time based on the above method, a moving weld pool that reaches the
quasi-steady state.

Therefore, in this section, a model proposed by the authors is used to obtain a
quasi-steady moving weld pool. In this model, the formation process of keyholes
and the formation process of moving weld pools are considered separately; when
a keyhole is formed, it is solidified, and the wall temperature of the keyhole is
fixed to the evaporation temperature, and then the quasi-steady moving weld pool
is calculated by taking into account the thermal capillary force and other factors.
The calculation speed may be greatly improved in this way. Although it can be seen
from the existing research conclusions that this simple model cannot fully reflect
the transient nature of laser welding process, it can still increase our understanding
of the dynamic dilution process behavior of the moving weld pool by studying the
behavior of the chemical compositions of the wire in this quasi-steady moving weld
pool.

The technical parameters used in the laser welding process are shown in Table
8.8. The parent metal is Ti—Al alloy and the wire is Al-Si alloy. The contents of the
chemical compositions of the two materials are shown in Table 8.9 and Table 8.10
respectively. Table 8.11 shows the thermophysical properties of the parent metal.

Table 8.9 Chemical compositions of parent metal
Al Y Ni Bi H Ti

6 4 2 7 0.1 Equilibrium state

Table 8.10 Chemical compositions of wire
Si Mn Ti (0] Al
20 8 10 0.2 Equilibrium state

Table 8.11 Thermophysical parameters for parent metal

Density | Specific Thermal Liquidus Solidus Latent | Latent heat | Boiling
/(kg/m?) | heat conductivity | temperature/K | temperature/K | heat of | of point
capacity /[W/(m*K)] melting | evaporation | /K
/[3/(kg*K)] /AQ/kg) | 1J/kg)
4000 660 25 1928 1878 37x |89 x10° |3315
10




8.5 Dynamic Dilution Behavior of Moving Weld Pools ... 231

Figure 8.25 shows the calculated flow and heat transfer characteristics of quasi-
steady moving weld pool. From Fig. 8.25a, it can be seen that after the moving
weld pool reaches the quasi-steady state, the width of the moving weld pool is about
1.8 mm and the length of the weld pool is about 4.5 mm. The length—width ratio
is in good agreement with the length—width ratio, observed in general tests, of the
weld pool obtained by low-speed deep penetration laser welding; in addition, the
temperature distribution on the upper surface of the weld pool is close to the motion
Gaussian distribution, which is consistent with the usual welding experience. As can
be seen from the results of Fig. 8.25¢c—f, the absolute value of velocity near both
sides of the keyhole in the weld pool is large. In addition, the pressure gradient near
the front and the rear of the keyhole is large, and thus the value of velocity is also
large. Although itis very difficult to directly verify these theoretical results, the above
results are basically reasonable from practical experience. Figure 8.25g and h show
the results of the flow field inside the weld joint and inside the longitudinal section
of the weld pool, respectively. By comparing the simulation results based on the
coupling of the transient keyhole and the weld pool in Chap. 4, it can be seen that
the results of the flow field in the upper part of the moving weld pool are basically
consistent with the transient simulation results.

8.5.2.2 Dynamic Dilution Process of Wire Compositions
in Quasi-Steady Moving Weld Pool

According to the analysis results in Sect. 8.5.2.1, based on the velocity trend of the
fluid in the weld pool obtained from the quasi-steady-state model established in this
chapter, the results of the flow field in the upper part of the quasi-steady moving weld
pool are of practical significance. Therefore, in this section, the dynamic dilution
behavior of the wire compositions in the upper part of the quasi-steady moving weld
pool is mainly studied.

In order to study the dynamic dilution behavior of chemical compositions of the
wire in the upper part of the quasi-steady moving weld pool, in this section, the
wire alloy, Si element, Ti element and Al element are respectively used as research
objects, and their specific percentage content and characteristics are shown in Table
8.12 (where being diluted by parent metal indicates that the chemical composition of
an element in the wire is higher than that in the parent metal, so the wire is diluted by
parent metal; that the parent metal is diluted indicates that the chemical composition
of an element in the wire is lower than that in the parent metal, so the parent metal
is diluted).

According to the boundary conditions in Sect. 8.5.1, the wire initial boundary
conditions shown in Fig. 8.26a are adopted in the study: in the red zone, the concen-
tration of the wire composition is set to be 1.0 (red zone), while that in other positions
is 0. After the mathematical model built in the chapter is used to figure out the quasi-
steady moving weld pool, Eq. (8.17) is solved to calculate the dynamic dilution
process of wire composition to the moving weld pool.
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(a) Temperature distribution on the upper surface of the weld pool  (b) Velocity vector on the upper surface of the weld
pool

(c) Velocity distribution along the welding direction of the (d) Velocity distribution in the vertical welding direction of

upper surface of the weld pool the upper surface of the weld pool

(e) Absolute value distribution of the velocity on the upper  (f) Pressure distribution on the upper surface of the weld pool

surface of the weld pool

(g) Velocity vector of the cross section of the weld pool (h) Velocity vector and temperature distribution of
longitudinal section of the weld pool

Fig. 8.25 Flow and heat transfer characteristics of moving weld pools at the quasi-steady state
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Table 8.12 Concentration and behavior characteristics of the alloy element

Wire chemical composition (%) | Parent metal chemical Behavior characteristics of alloy
composition (%) element
Wire as a kind of element 100 0 Such special element does not

exist in the parent metal and is
diluted by the parent metal

Si20 0 Wire Si has a higher concentration
than parent metal and is diluted by
the parent metal

Ti 10 80 Wire Ti has a lower concentration
than parent metal, and parent
metal is diluted

Al 62 6 Wire Al has a higher
concentration than parent metal,
and is diluted by the parent metal

Figure 8.26b—f show the transient dilution process of the wire composition to the
moving weld pool on the upper surface of the moving weld pool. As it can be seen
from the figure that, when the wire composition is in transition to the weld pool at
1.6 ms, the concentration on both sides of the surface moving weld pool is relatively
high according to the concentration cloud chart, while the isoconcentration lines
in the middle position are almost parallel. By comparing the concentration cloud
charts when # = 1.6 and ¢ = 3.2 ms, it shows that on the weld pool surface, the
wire composition moves gradually from the front of the surface weld pool to the
rear of the weld pool, and during the process, the weld pool is also gradually diluted
by the wire composition. It is observed by comparing the figure at 1.6 ms with the
figure at 6.4 ms that, the wire composition on both sides is relatively high, and the
isoconcentration lines at the rear of the surface moving weld pool tend to concave
towards the front of the weld pool. However, when the quasi-steady state is reached,
the isoconcentration lines in the middle of the surface moving weld pool are almost
parallel with the cross section direction, and the middle part of the isoconcentration
lines at the rear still tends to concave, but not that obvious anymore. It shows that
the concentration gradient of the wire composition close to the moving weld pool
surface becomes less apparent, but the wire composition in the weld pool micro area
is still uneven.

The reason for the above phenomenon is closely correlated to the convection and
diffusion factors in the weld pool. At the beginning of the dynamic dilution, due
to severe convection and high speed on both sides of the moving weld pool in the
upper part, the concentration of the wire composition on both sides of the weld pool
in the upper part is high, resulting in concave of the isoconcentration lines in the
middle of the upper surface of the weld pool towards the front of the weld pool.
Since the speed direction of the weld pool at the rear of the keyhole is from the front
to the back as a whole, the wire composition also moves gradually from the front
to the rear of the weld pool through convective motion. During the dilution process,
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- 100 , |
(a) Initial boundary condition of the wire composition (b) t=1.6 ms

(c)t=3.2ms (d) t=4.8 ms

(e) t=6.4 ms (f) Quasi-steady state

Fig.8.26 Dilution process of wire composition to the weld pool on the upper surface of the moving
weld pool

the wire composition is spreading in the weld pool. Both convection and spreading
interact with each other, to finally reach a relatively steady state. Figure 8.27 is the
concentration distribution change diagram of wire composition on certain section
near the weld joint. The speed characteristics of the moving weld pool on the section
are shown in Fig. 8.27d. As shown in the figure that, the wire composition gradually
dilutes the parent metal from the edge of the moving weld pool to the depth direction.
Due to very low speed, at the vortex of the edge, the concentration value of the wire
composition is higher than that in other positions. Generally, in the upper part of
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(a)t=1.6 ms (b) t=6.4 ms

(c)t=16 ms (d) Quasi-steady state

Fig. 8.27 Concentration change process of wire composition on the certain cross section near the
weld joint

the moving weld pool, convection is the main factor of the wire composition being
diluted by the parent metal.

Figure 8.28 is the concentration distribution diagram of the wire composition
in three longitudinal sections of the moving weld pool after the dynamic dilution
process is up to the quasi-steady state. Figure 8.28a shows the longitudinal section
of the true center of the weld pool, Fig. 8.28c shows the longitudinal section near
the edge of the moving weld pool, and Fig. 8.28b shows the longitudinal section
between the two interfaces. In the following statements, we might as well refer the
three sections shown in Fig. 8.28a—c respectively to Section A, B, and C. It’s known
from the figure that, the concentration of the wire composition in Section A center is
higher than that in Section B center, while the concentration of the wire composition
in Section B center is higher than that in Section C center. This proves again that
in the upper part of the moving weld pool, wire composition dilutes the weld pool
by moving from the edge gradually to the center of the weld pool. Furthermore, in
the weld pool behind the keyhole, the concentration of the wire composition at the
vortex position is higher than that in the periphery, which further verifies the rule
that the concentration of wire composition at the vortex position is relatively high
due to low speed.
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(c) Section C

Fig. 8.28 Concentration distribution of the wire composition in different longitudinal sections after
the quasi-steady state is reached

To study the dynamic evolution process of the wire composition concentration
over time in the upper part of the moving weld pool, two points in the longitudinal
section of the true center of the moving weld pool are taken as study objects—Point
X (the left dark point in Fig. 8.28a) and Point Y (the right blue point in Fig. 8.28a).
As shown in the figure, coordinates of Point X and Point Y only have difference
along welding direction; Point X is closer to the keyhole. Figure 8.29 is the evolution
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Fig. 8.29 Evolution process of the wire composition concentration at different points in the upper
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process diagram of the wire composition concentration of the above two points over
time. It can be seen from the figure that, at the two points, the time of Point X
closer to the keyhole reaching the quasi-steady state is about 32 ms, while Point ¥
further from the keyhole reaching the quasi-steady state is about 38 ms. Therefore,
the time of the wire composition reaching the quasi-steady state in the moving weld
pool is inconsistent. In addition, when the quasi-steady state is reached, the additive
concentration at PointX is 60%, while that at the right point is roughly 55%. It shows
that the concentration in the moving weld pool is also uneven when the quasi-steady
state is reached.

Based on the above discussion, the following conclusions can be made: @ In the
upper part of the moving weld pool, the wire composition moves gradually from
the front to the rear of the weld pool through convective motion and dilutes the
parent metal from the edge of the moving weld pool gradually to depth direction; @
Convection plays a primary role in the dynamic dilution process in the upper part
of the moving weld pool; ® At the places with flowing vortex in the moving weld
pool, the wire composition concentration is usually higher than that in the periphery;
@ When the quasi-steady state is reached, the wire composition concentration at
different positions in the upper part of the moving weld pool is generally uneven,
and the time of reaching the quasi-steady state is also different.

8.5.2.3 Dynamic Dilution of Different Chemical Compositions
in the Quasi-Steady Moving Weld Pool

The section will mainly discuss the dynamic dilution behavior of different chemical
compositions in the quasi-steady moving weld pool through the numerical simula-
tion. The mentioned chemical compositions in wire alloy are different from those in
parent metal alloy. Technical parameters and material parameters used in numerical
calculation are consistent with those stated in Sect. 8.5.2.2.

Figure 8.30 is the concentration distribution diagram for Ti chemical composition
on two sections of the moving weld pool when the quasi-steady state is reached.
Section A is the longitudinal section close to the edge on both sides of the moving
weld pool; Section B is the longitudinal section in the center of the moving weld pool.
It can be seen from the figure that the concentration distribution trend of Ti chemical
composition is just the opposite of the wire concentration trend, i.e., the higher the
wire composition is, the lower the Ti chemical composition will be. Therefore, the
concentration of Ti chemical composition in the moving weld pool is diluted, and
uneven in the moving weld pool, and will reach a local minimum at the vortex.

Figure 8.31 is the concentration distribution diagram of Ti chemical composition
in two sections of moving weld pool when the quasi-steady state is reached. Section
A is the longitudinal section close to the edge on both sides of the moving weld
pool; Section B is the longitudinal section in the center of the moving weld pool.
As known in the figure that, Al content in the wire is higher than that in the parent
metal, so the Al composition in the wire is diluted by the moving weld pool, and it
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Fig. 8.30 Concentration distribution of Ti chemical composition in different longitudinal sections
when the quasi-steady state is reached
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Fig. 8.31 Concentration distribution of Al chemical composition in different longitudinal sections
when the quasi-steady state is reached

is also uneven in the moving weld pool. At the vortex position in the moving weld
pool, Al composition concentration will reach a local maximum due to low speed.

Figure 8.32a and b are respectively the distribution diagrams of Ti and Al chemical
compositions in the weld joint section when the dynamic dilution process is just
completed, i.e., up to the quasi-steady state. It can be seen from the figure that when
the quasi-steady state is reached, due to the convection action of the moving weld
pool and vortex flow at two corners in the upper part of the weld joint, both Ti and
Al chemical compositions respectively reach concentration local minimum and local
maximum.

Figure 8.33 shows the dilution process curve of Ti concentration at two points
in the moving weld pool (black point X and blue point Y in Fig. 8.28a). Here, the
concentration gradient is defined as an absolute value of the difference between
the concentration of the current chemical composition and the concentration of the
wire composition at that position. With the advancing of the dilution process, the
concentration gradient of either Point X or Point Y gradually decreases until the
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(a) Ti concentration distribution (b) Al concentration distribution

Fig. 8.32 Distribution diagram of the quasi-steady concentration of both Ti and Al elements in the
weld joint section of the moving weld pool

region becomes stable, as shown in the figure. This means that the intensity of dilution
is constantly weakening with the change of time; the intensity of dilution varies at
different positions. Since Point X is closer to the keyhole, the speed of movement
around is larger. Therefore, Point X has a stronger intensity of dilution than Point Y.
This indicates that the intensity of dilution of wire chemical compositions is generally
different at different positions in the weld pool.

Figure 8.34 shows the dilution process curve of Al concentration at two points in
the moving weld pool (black point X and blue point Y in Fig. 8.28a). As shown in
the figure, as the time goes on, the Al composition is gradually diluted by the parent
metal, and the intensity of dilution also gradually slows down to a steady state; Point
X, close to the keyhole, takes about 26.5 ms to reach the quasi-steady state, while
Point Y takes about 30 ms to reach the quasi-steady state. This indicates that the time
for Al to reach quasi-steady state is generally different at different positions, and the
concentration of Al composition at quasi-steady state is generally non-uniform.

The variation curves of the composition concentration of wire “element”, Ti
element, Si element and Al element at the position of Point X close to the keyhole are
analyzed in the same coordinates below, as shown in the Fig. 8.35. According to the
figure, it is apparent that the slope of the three tangents of A (wire), B (Al element)
and C (Si element) gradually declines. The only possible reason for the difference in
slope is the difference in the concentration of elements in the wire and parent metal,
namely the concentration gradient, thanks to the basically constant motion velocity
distribution of the quasi-steady weld pool, and the little difference in the diffusion
rate between various elements and wire “element”. This indicates that the larger the
concentration difference of an element in the wire and parent metal, the more intense
the dynamic dilution process of the element at the initial stage of the dilution process
(t <15 ms).

In view of the above discussion, it can be concluded preliminarily that: @ If the
content of a chemical composition in the wire is higher than that in the parent metal,
the chemical composition will be diluted by the parent metal in the quasi-steady
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Fig. 8.33 Variations in the intensity of dilution of Ti composition at different positions in the upper
part of the moving weld pool

moving weld pool; otherwise, the parent metal will be diluted. @ The intensity of
dilution of chemical compositions is generally different at different positions, and
the time for them to reach quasi-steady state is also inconsistent. @ The larger the
content difference of chemical compositions in the wire and parent metal, the greater
the intensity of dilution at the initial stage of dynamic dilution.
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Fig. 8.34 Variations in the intensity of dilution of Al composition at different positions in the upper
part of the moving weld pool

8.5.3 Dynamic Dilution Behavior in Transient Weld Pools

Both the process of single-beam laser welding and the process of laser welding
with filler wires can reach a relatively steady state. But, according to the simulation
results in Chap. 4 and this chapter, the keyhole in the two welding processes is in
the course of periodic oscillation under most technical conditions. The moving weld
pool is always in a high-speed transient change in both laser welding processes,
thanks to the close relationship and coupling of the keyhole and moving weld pool
behaviors. The dynamic dilution behavior in the quasi-steady moving weld pool
is studied systematically in the previous section. This section studies the dynamic
dilution behavior in the transient moving weld pool in the course of laser welding.
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8.5.3.1 Dynamic Dilution Process of Wire Compositions in Transient
Moving Weld Pool

This section mainly studies the dynamic dilution behavior of a layer of wire compo-
sition coated on the workpiece surface in the transient moving weld pool according
to the boundary conditions stipulated in Sect. 8.5.1. In the numerical study, the parent
metal is 2.0 mm-thick TC4 titanium alloy sheet, with the coated wire composition
layer thickness of 0.1 mm. At the initial welding moment, the wire composition has a
concentration of 1.0 on the coating layer, and a concentration of 0 at other positions,
as shown in Fig. 8.36. The impact of evaporation and burning loss on concentration
is ignored in the numerical calculation process to speed up the calculation speed. The
main laser welding parameters, the parent metal thermophysical parameters and the

Fig. 8.36 Schematic
diagram of wire composition
at the initial welding moment
(the coating layer is shown in
red)




8.5 Dynamic Dilution Behavior of Moving Weld Pools ... 243
Table 8.13 Technical parameters of laser welding

Laser power/kW | Laser spot radius/mm | Defocusing amount/mm | Welding speed/ (m/min)
1.0 0.2 0 3
Table 8.14 Numerical simulation parameters

Grid quantity Spatial step/m | Initial time step/s | Initial temperature | Ambient

of parent metal/K | temperature/K

100 x 60 x 80 | 3.0 x 107 3.0 x 107 300 300

numerical calculation parameters used are respectively set out in Tables 8.13, 8.14
and 8.15.

Figure 8.37 shows the simulated evolution process of the concentration of compo-
sitions inside the moving weld pool near the keyhole free surface and inside the
longitudinal section of the moving weld pool. The three-dimensional free interface
shape represents the keyhole morphology, and the black line represents the fusion
line. In the color scale, high concentration and low concentration are expressed in red
and blue respectively. Figure 8.37a—f respectively show the concentration of compo-
sitions near the free interface and inside the cross section of the weld pool after 0.12,
5.04,9.96, 14.88, 19.8 and 24.72 ms. As can be seen from the figures, the keyhole and
weld pool gradually form with the movement of the laser head; in addition, the wire
composition coated on the workpiece surface is diluted by convection of the weld
pool, and presents a tendency to move to both sides of the weld pool and to the depth
direction at the same time. The weld pool dynamic mechanism of the laser welding
obtained through study in Chap. 3 indicates that a high-speed downward movement
exists near the front wall of the keyhole as a result of recoil pressure. Therefore, a
high concentration of wire composition can be found at the weld pool position near
the front wall of the keyhole. Besides, according to the conclusions in Chap. 3, there
are three typical vortex flows and small speeds at both sides of the upper part, the rear
part, and the position of the weld pool near the back bottom of the keyhole. Thus,
the concentration of wire composition at these positions is significantly higher than
at other positions from 9.96 ms, as shown in Fig. 8.37c—f.

Figure 8.38 shows the evolution process of wire composition at the solidification
front and melting front of the transient moving weld pool. According to the figure,
with the advancing of the welding process, the wire concentration gradually increases
at both sides of the moving weld pool, the bottom of the melting front and the bottom
of the solidification front. The foregoing simulation results suggest that after the wire
composition enters the moving weld pool from the upper part of the melting front, it
bypasses the keyhole to move backward due to the convection on the upper part of the
weld pool, and in addition, it moves towards the direction of penetration depth due
to the high-speed downward convection caused by the recoil pressure. Figure 8.39
shows the concentration evolution process of the wire composition in the longitudinal
section of the weld joint. The figure indicates that, as the welding process proceeds,
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(a) 0.12ms

(b) 5.04ms

(c¢) 9.96ms

(d) 14.88ms

(e) 19.8ms

(f)24.72ms

Fig. 8.37 Transient evolution process of wire composition in the weld pool near the keyhole and
in the longitudinal section of the weld pool

v

(a) 0.12ms

(b) 5.04ms

(¢) 9.96ms

(d) 14.88ms

(e) 19.8ms

() 24.72ms

Fig. 8.38 Evolution process of wire composition at the solidification front and melting front of the

transient moving weld pool
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Fig. 8.39 Concentration evolution process of wire composition in the longitudinal section of the
weld joint

the wire composition inside the weld joint is gradually diluted by the weld pool.
The wire composition tends to move from the edge of the weld pool to the direction
of penetration depth. As a result, a relatively high concentration area is gradually
formed on either side of the upper part and the bottom of the weld joint, which is
contrasted with the low concentration area in the middle of weld joint. The cause of
such distribution trend of the wire composition is related to the flow mechanism of
the transient moving weld pool.

The concentration of wire composition on the cross section of the weld joint at
the moment of solidification is analyzed quantitatively below. Figure 8.39f shows the
shape of the weld joint section at the moment of solidification through calculation. In
Fig. 8.39f, three positions, namely, A, B and C, are selected for virtual line scanning
to analyze the quantitative distribution of wire composition concentration in these
positions. The position of A, B and Cis 0.12,0.42 and 0.93 mm away from the surface
of the workpiece respectively. Figures 8.40, 8.41 and 8.42 show the distribution curve
of wire composition through line scanning at A, B and C positions inside the weld
joint. According to the figures, the wire composition presents a relatively orderly
distribution on the three curves, showing a trend of high on both sides and low in the
middle.
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Based on the discussion above, the following conclusions can be drawn: @ The
dynamic properties of the downward high-speed fluid caused by the recoil pres-
sure on the wall surface of the keyhole are the primary factors that facilitate the
deep permeation of wire compositions into the work piece; @ Similar to the dilu-
tion behavior of the quasi-steady moving weld pool, the wire compositions, driven
by fluid dynamics that bypasses the keyhole, will concentrate on both sides of the
upper part of the weld joint, leading to the formation of local high concentration
areas; @ Under certain conditions, there will be an area with a high concentration of
wire compositions on both sides of the middle and lower parts of the weld joint; @
Convection is still the primary factor in the dynamic dilution of wire compositions
in the moving weld pool.

8.5.3.2 Influence of Technical Parameters on Distribution of Wire
Compositions in the Weld Joint at the Moment of Solidification

Based on the transient numerical model established in the previous section, the
influence of different technical parameters (laser power and welding speed) on the
distribution of wire compositions in the weld joint in the solidification instant is
discussed in this section. The technical parameters used in the numerical simulation
are shown in Table 8.16. It is noticeable that in Table 8.16, the value of laser power
is small, which is mainly to improve the calculation speed. The relevant parameters
of numerical calculation and the parent metal parameters are consistent with those
shown in Table 8.14 and Table 8.15, respectively.

Figures 8.43 and 8.44 are the comparison diagrams of the distribution of wire
compositions in the weld joint respectively with different welding speeds and
different laser powers. It can be seen in Fig. 8.43 that raising the welding speed
will decrease the recoil pressure, making the content of wire compositions in the
bottom of the weld joint gradually decline. Meanwhile, according to the principle
of mass conservation, raising the welding speed makes the content of wire compo-
sitions on both sides of the upper part of the weld joint gradually increase. It can be
seen in Fig. 8.44 that raising the laser power will increase the recoil pressure and
the chemical compositions of wire will permeate deeper, thus making the content of
wire compositions in the bottom of the weld joint increase. Meanwhile, according to

Table 8.16 Technical parameters of laser welding

No Laser Power/kw Laser Spot Radius/mm Defocusing Welding Speed/
Amount/mm (m/min)

1 1.0 0.2 0 3

2 L5 0.2 0 3

3 1.0 0.2 0 1.5

4 1.0 0.2 0 6
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Fig. 8.43 Comparison diagram of the distribution of wire compositions in the weld joint in the
solidification instant with different welding speeds (No. 4, No. 1 and No. 3)
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Fig. 8.44 Comparison diagram of the distribution of wire compositions in the weld joint in the
solidification instant with different welding powers (No. 1 and No. 2)

the principle of mass conservation, at this moment the content of wire compositions
on the upper part of the weld joint tends to decline.

The influence rule of laser power and welding speed on the wire compositions in
the weld joint discussed above can be concluded as the influence of heat input on the
wire compositions in the weld joint. Based on the discussion above, the following
conclusions can be drawn preliminarily: @ Raising weld heat input will facilitate the
permeation of wire compositions to the bottom of the weld joint, and increase the
content of wire compositions in the middle and lower parts of the weld joint, thus
relatively reducing the content of wire compositions in the middle and upper parts
of the weld joint; @ Reducing heat input will reduce the recoil pressure, and can
effectively reduce the content of wire compositions in the middle and lower parts



250 8 Keyhole and Weld Pool Dynamics in Laser Welding with Filler Wires

of the weld joint, thus relatively increasing the content of wire compositions in the
upper part of the weld joint.

8.6 Summary

(1) The 3-D transient mathematical model of laser welding with filler wire is
developed, which can describe the coupling effect among the wire, keyhole
and moving weld pool. And the transient behaviors of the keyhole and moving
weld pool during welding with filler wire respectively under contact transition
and free transition are systematically studied. Besides, the influence of the wire
feed rate and diameter of wire on the behaviors of the keyhole and the moving
weld pool is discussed.

(2) Under certain technical conditions, raising the wire feed rate reduces the
maximum velocity fluctuation of the fluid in the weld pool and improves the
stability of the weld pool. However, increasing the diameter of wire aggravates
the maximum velocity fluctuation of the fluid in the weld pool, thus weak-
ening the stability of the weld pool. For the laser welding with filler wire in
case of the wire in front of the keyhole, under general conditions, although the
moving weld pool is more stable than that in single-beam laser welding under
the same conditions, the keyhole is more unstable than that in the single-beam
laser welding.

(3) The mathematical model of the dynamic dilution process of the moving weld
pool in non-self-melting laser welding process is developed. With the model,
a systematic numerical simulation study on the dynamic dilution behaviors of
wire compositions respectively in the quasi-steady moving weld pool and in the
transient moving weld pool is conducted, and a laser welding experiment on the
powder coated at the surface of parent metal is designed to verify the simulation
results. The verification shows that it is feasible to predict the quantitative
distribution of the chemical compositions of wire in the moving weld pool in
the solidification instant. The establishment of this model provides an idea to
control the mechanical properties of a weld joint by precisely controlling the
distribution of the chemical compositions of wire in the weld joint.

(4) Inthe non-self-melting laser welding process, convection is the primary factor
for the wire compositions being diluted by the moving weld pool. The high-
speed flow towards the depth of penetration caused by the flow that bypasses
the keyhole and the recoil pressure is the primary factor for the dilution of the
weld pool. The content of the chemical compositions of wire reaches a local
maximum or minimum where there is vortex flow in the weld pool.



8.6 Summary 251

&)

Raising heat input will facilitate the permeation of wire compositions to the
bottom of the weld joint, increase the content of wire compositions in the
middle-lower part of the weld joint, and reduce the content in the middle-
upper part of the weld joint. Reducing heat input can effectively reduce the
content of wire compositions in the middle-lower part of the weld joint, and
increase the content of wire compositions in the middle-upper part of the weld
joint.



Chapter 9 ®
Dynamical Behaviors of Keyhole e
and Weld Pool in Vacuum Laser Welding

Abstract This chapter introduces the dynamics behaviors of keyhole and weld pool
in vacuum laser welding. Mathematical model for simulating time dependent keyhole
and weld pool dynamics in vacuum laser welding is given. The physical behaviors of
keyhole dynamics and flow pattern of weld pool under vacuum welding are discussed.
The mechanisms of penetration increase under vacuum conditions are explained
using numerical simulations.

9.1 Introduction

Vacuum laser welding refers to the welding of workpieces in a vacuum or low vacuum
environment by using laser energy. This welding method produces a penetration
depth comparable to that in vacuum electron beam welding, and delivers excellent
welding quality without radiation pollution. It is perfectly suitable for thick plates.
Recent years have seen revolutionary breakthroughs in fiber laser technology. The
power of industrial fiber lasers which can work stably for a long term has reached
100 kW. Vacuum laser welding is able to penetrate thick-walled components to a
depth of more than 100 mm at a time. It offers a wide range of potential applications
in space vehicles, deep-sea equipment, and other fields, and is an important joining
technology for the key equipment in the national major strategic engineering projects,
such as space engineering and deep ocean engineering.

Similar to laser welding under atmospheric conditions, vacuum laser welding is
characterized by rapid gasification and liquefaction of workpieces under a laser beam
to form a weld pool, a keyhole, and metallic vapors. However, performed in a vacuum
and low vacuum environment, the latter significantly differs from the former in the
dynamic characteristics of keyhole and weld pool and the profile and quality of welds.
Unlike electron beam which is sensitive to air pollution and requires high degrees
of vacuum, laser beam allows high-quality welding under atmospheric conditions
by using appropriate welding parameters. In industrial applications, laser welding
under vacuum is favored mainly for its ability of achieving a penetration depth several
times the depth obtained under atmospheric conditions. Understanding how vacuum
degree (ambient pressure) influences penetration depths in laser welding can help
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design industrial vacuum chambers. This chapter mainly introduces the dynamical
behaviors of the keyhole and weld pool in vacuum laser welding, and the effect of
ambient pressure on penetration depths in laser welding.

9.2 Transient Coupling Model of Keyhole and Weld Pool
in Vacuum

In recent years, experiments have shown that ambient pressure has significant effects
on the evaporation process during laser welding. Therefore, ambient pressure must
be considered to accurately calculate the force at the evaporation interface. For that
reason, the authors have proposed a surface pressure model incorporating the factor
of ambient pressure, based on the Soviet Union scientist Anismov’s recoil pressure
model. The proposed surface pressure model can accurately describe the pressure at
the evaporation interface under variable ambient pressures, as shown in Fig. 9.1. It
can be expressed as:

Parm O < Tgb < TL
pe= 1 e p, exp(kAlf;: (1 - TL)) 00 > Ty > Tg 9.1)
DPe(Tgp) Ty < Ty, < T

Smooth curve P(T,)

Surface pressure (Pa)

\ 4

T, T,

b

Tt;mperature(K)

Fig. 9.1 Variation of surface pressure with evaporation interface temperature
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The pressure at the free surface during laser welding under vacuum and atmo-
spheric conditions can both be calculated using the surface pressure model. The
coupling model of keyhole and weld pool dynamics in vacuum laser welding is
similar to that in atmospheric laser welding.

9.2.1 Governing Equations in Vacuum Laser Welding

Similar to laser welding under atmospheric pressure, the mixture model is used to
treat the solid—liquid interface. Besides, the fluid flow in weld pool is assumed to be
incompressible, and the density of the fluid flow is assumed to change slightly during
the solid-liquid phase transition. Thus, the mass conservation of any element on the
workpiece (including the weld pool and the unmelted region) can be described as
follows:

—
V.U =0 9.2)

where U is the three-dimensional velocity vector.

Considering the physical factors including the interface force, viscous force and
buoyancy in the melting and solidification regions, the momentum conservation
equation of the fluid flow of mixture phases can be expressed as:

8E)Jr(v DT ) =v. uvT)—vp- M7 _ £~ ‘U’TJ\L GB(T — Ter) (9.3)
P ot = 27 p X JK 24 ref :
where
dynamic viscosity;
density;
pressure;

three-dimensional gravitational acceleration vector;
thermal expansion coefficient;

ef reference temperature;
Carman-Kozeny coefficient of the mixture model, also known as permeability
coefficient, which is closely related to the liquid fraction f; in the current grid
cell.

NN®RIT D X

Based on the proposed physical model, considering the effect of convection and
heat transfer of weld pool, the energy conservation of workpiece during welding can
be expressed as:

aoT —
pc,,(E + (U - V)T) =V .(kVT) 9.4)
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where

¢, specific heat;
k thermal conductivity;
T  temperature.

The Level Set method is used to track the time-varying keyhole free surface. The
governing equation of the Level Set method is written as:

1 —
§+U~V¢=O 9.5)

9.2.2 Boundary Conditions in Vacuum Laser Welding

Given the influence of surface pressure, surface tension, and viscous pressure on
keyhole free surface, the free surface is subject to a pressure boundary condition
consistent with that in atmospheric laser welding. The pressure boundary condition
can be expressed as follows:

pr=pr+ok+2ui- VU (9.6)

where

Subscript f  free surface;

recoil pressure;

surface tension coefficient;

free surface curvature;

dynamic viscosity;

three-dimensional velocity vector;
three-dimensional unit normal vector in free surface.

SigR A Ay

The free surface, is also subject to a viscous stress boundary condition due to
the thermal capillary force similar to that in atmospheric laser welding. The viscous
stress boundary condition can be expressed as:

= o= e - oop
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In addition, considering the Fresnel multiple reflection absorption, heat radiation,
and evaporation on the free surface under the vacuum condition, the energy boundary
condition can be determined as:

oT

k—
on

=q — ErOvs(T4 - T:o) - pvexpTv (98)

On other boundaries of the calculated area, given the presence of only thermal
radiation, the temperature boundary condition is expressed as:

oT 4 4
k— = —&.0,(T" = T2) (9.9)
on

In Egs. (9.7) through (9.9):
Subscript f  keyhole free surface;

t, b two unit tangent vectors of the free surface;

Vo Marangoni force;

k thermal conductivity;

T temperature of weld pool;

q laser energy density absorbed by Fresnel multiple reflection absorption
of keyhole wall;

Two ambient temperature;

& black body radiation coefficient;

oy Stefan-Boltzmann constant;

Vewp keyhole surface recession speed due to the evaporation.

9.3 Behaviors of Keyhole and Weld Pool in Vacuum Laser
Welding

9.3.1 Dynamical Keyhole Evolutions

9.3.1.1 Distribution of Keyhole Wall Temperature

This section describes the characteristics of the keyhole and weld pool in vacuum
laser welding which is performed with 304 stainless steel at the laser power of 2.0 kW,
the welding speed of 3.0 m/min, and the laser spot radius of 0.25 mm. In what follows,
the analysis is based on these parameters, unless otherwise stated. Evolutions of the
keyhole temperature field during vacuum laser welding are shown in Figs. 9.2 and 9.3.
The temperature distribution across the keyhole is non-uniform, primarily between
2300 and 2500 K during welding process. The highest temperature, which is up to
2900 K, often occurs at the hump surfaces on the keyhole wall irradiated directly
by the laser beam. In vacuum laser welding, the maximum keyhole temperature is
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Fig. 9.2 Top view of the evolutions of transient keyhole temperature field during vacuum laser
welding

significantly lower than the boiling point of the material at the atmospheric pressure
(about 3100 K).

Evolutions of keyhole morphology and temperature field during laser welding
under atmospheric pressure are shown in Figs. 9.4 and 9.5. The keyhole wall temper-
ature is also uneven, generally around the boiling point (3100 K) of the material
or even higher. The highest temperature, around 3400 K, occurs on the top of the
humped keyhole wall, which is directly exposed to laser beam. In short, the average
keyhole temperature is around the boiling point of the material or even higher during
laser welding under atmospheric pressure. Those predicted results are well consis-
tent with the recent experimental results. This study demonstrates the assumption
used for more than 40 years that in laser welding under atmospheric pressure, the
keyhole wall temperature is around the boiling point, and at the same time, denies the
well-known assumption of Semak and Matsunawa that the keyhole temperature does
not need to exceed the boiling point to support the opening of the keyhole during
laser welding under atmospheric pressure.

9.3.1.2 Transient Keyhole Instability

Similar to laser welding under atmospheric pressure, laser welding under vacuum can
also have its keyhole depth evolution divided into three stages: fast linear increase
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Fig.9.3 Side view of evolutions of transient keyhole temperature field during vacuum laser welding

stage, slow increase stage with small amplitudes of depth oscillations, and quasi-
steady stage with large amplitudes of depth oscillations.

As shown in Fig. 9.6, the keyhole under vacuum is much deeper than that under
atmospheric pressure, and can reach 2.5 mm in depth, which is twice the depth
(1.2 mm) under atmospheric pressure. Besides,the keyhole oscillation under vacuum
is violent, with the oscillation amplitude up to 0.9 mm, compared with 0.5 mm under
atmospheric pressure, as shown in Fig. 9.7. Seto et al. found that a deeper keyhole
usually exhibits larger amplitude of keyhole depth oscillations using X-ray transmis-
sion imaging system. Although laser welding under vacuum has a larger absolute
value of the amplitude of keyhole depth oscillation than laser welding under atmo-
spheric pressure, the former has smaller relative amplitude of oscillation, namely,
the ratio of keyhole depth oscillation amplitude to mean keyhole depth. As shown
in Fig. 9.7b, the ratio for welding under vacuum is 0.9/2.4 = 0.375, in contrast to
0.5/1.1 = 0.417 under atmospheric pressure. Therefore, laser welding under vacuum
delivers more stable keyhole than laser welding under atmospheric pressure, and also
produces fewer spatters. To sum up, despite their difference in keyhole oscillation
degree, the two welding methods share the same essential mechanisms for keyhole
oscillation.
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9.3.2 Moving Weld Pool Flow Patterns

Evolutions of weld pool flow behaviors during vacuum laser welding are shown in
Figs. 9.8 and 9.9. The flow behaviors, which are quite similar to those during laser
welding under atmospheric pressure (see Figs. 9.10 and 9.11), are mainly as follows.
In areas near the keyhole opening on the weld pool surface, driven by recoil pressure
and Marangoni force, the fluid flows from the keyhole opening to the peripheral region
of weld pool. These flows can be always observed during the welding process. The
speed of these flows under vacuum is about 0.4 m/s, significantly smaller than the
speed (about 1.5 m/s) under atmospheric pressure. Besides, high-speed downward
flows driven by recoil pressure can be found near the keyhole wall. The magnitude
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Fig. 9.9 Side view of inner weld pool flow during vacuum laser welding
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of these flows is more than 10 m/s, which is equivalent to that under atmospheric
pressure (about 15 m/s). From the above discussions, it can be seen that the intensity
of the flows in weld pool during vacuum laser welding, especially in surface weld
pool, is more gentle and stable than that during laser welding under atmospheric
pressure. This is in line with the experiments in recent years. Additionally, this also
demonstrates the mechanism that vacuum laser welding could efficiently reduce or
suppress the spatter defects. Moreover, the weld pool flow behaviors during vacuum
laser welding differ from those during laser welding under atmospheric pressure.
For example, in laser welding under atmospheric pressure, vigorous vortex flows
are observed on the weld pool behind the bottom of the keyhole; in vacuum laser
welding, however, such flows are not found in this area. The disappearance of this
vortex flow is good for the floating of the bottom bubbles, which may reduce the
possibility of the formation of the porosity defects.

9.4 Penetration Depth Increase in Laser Welding Under
Vacuum and Low Vacuum Conditions

9.4.1 Mechanism for Penetration Depth Increase
with Ambient Pressure Decrease

Both simulations and experiments (Fig. 9.12) found that the penetration depth in
vacuum laser welding increased compared with that in atmospheric laser welding.
Over the years, as to the mechanism for penetration depth increase in vacuum laser
welding, there are mainly the following views: under vacuum condition, (1) the
inverse bremsstrahlung (IB) absorption effect of plasma is reduced; (2) the scattering
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Fig.9.12 Experimental results of penetration depth curves in laser welding under different ambient
pressures
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and refraction effects of metallic vapor plume are reduced; (3) the decrease of the
average keyhole wall temperature leads to more laser energy acting on the keyhole
wall in the penetration direction.

9.4.1.1 IB Absorption Effect of Plasma

During long wavelength laser welding (e.g. CO; laser with a wavelength of 10.6 pum)
process, highly ionized laser induced plasma is produced. The induced plasma can
absorb the long wavelength laser beam passed through. This will largely reduce the
laser energy acting on the keyhole wall, causing an obvious decrease of penetration
depth compared with that under atmospheric pressure. 10 kW CO, laser welding
is used as an example (laser spot diameter: 0.5 mm). He is used to measure IB
absorption coefficient using the spectral analysis method. The ideal gas equation and
Saha equation can be described by the formulas (9.10) and (9.11), as follows:

Pam = (No + N;j + N)KT, ~ NokT, (9.10)
N,N; —E;

c L — T — 9.11

. 1T em( i, ) (9.11)

Combine the above two formulas and substitute the parameters into the combined
formula:

—(45.10)°
N, = Co/ Py T}* exp(%) 9.12)

The electric density of He is shown in Fig. 9.13.
Thus, the IB absorption coefficient is obtained:

)“2
o= C3N§T ~0.4cm™! (9.13)
T,

e

The IB absorption coefficient is about 20%, and even larger in the inner keyhole.
Therefore, during the long wavelength laser welding (e.g. CO, laser welding) process,
the IB absorption effect under atmospheric condition is very strong. This effect has
been largely reduced during vacuum laser welding, allowing more laser energy to
be used for the increase of penetration depth. As a result, the reduced IB absorption
effect of plasma during vacuum laser welding is an important reason for the increase
of penetration depth of the long wavelength (e.g. CO; laser) laser welding.
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9.4.1.2 Scattering and Refraction Effects of Metallic Vapor Plume

According to the relationship between the IB absorption coefficient and the laser
wavelength (Eq. (9.13)), a shorter laser wavelength indicates smaller absorption.
Thus, the ionization of the metallic vapor in short wavelength laser (e.g. the
commonly used fiber laser with a wavelength of 1.07 wm and YAG laser with a
wavelength of 1.06 pm) welding is very small, even if the laser power reaches
10 kW during laser welding. The IB absorption coefficient is also correspondingly
not obvious. However, with superfine particles from coagulated vapor or unmelted
metals, metallic vapor plume exerts considerable scattering and refraction effects on
laser beam, as shown in Fig. 9.14.

The scattering effect of metallic vapor plume mainly includes Rayleigh scattering
and Mie scattering. The degree of the Rayleigh scattering is inversely proportional
to the fourth power of the incident laser wavelength. Thus, the Rayleigh scattering
mainly occurs in the short wavelength laser welding process. When the wavelength
of the incident laser is equivalent to the size of the superfine particles inside the
metallic vapor plume, the Mie scattering is quite obvious. Because the size of the
superfine particles inside the metallic vapor plume in the keyhole cannot be accurately
measured, the absorption and diffusion coefficients of the scattering are also difficult
to be accurately obtained.

According to previous literature data, the attenuation of the high-power fiber laser
energy is about 10-20% due to the scattering effect of metallic vapor plume. Under
vacuum condition, the density of the metallic vapor plume decreases largely. The
Rayleigh and Mie scattering are both not obvious. Thus, the penetration depth can
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Fig. 9.14 Scattering and
refraction effects of metallic
vapor plume on short
wavelength laser beam

increase by 10-20% compared with that under atmospheric condition. However, the
penetration depth can double or even increase more during vacuum laser welding
compared with that under atmospheric condition, according to the existing exper-
imental and simulation data. Therefore, the scattering effect from metallic vapor
plume is not the main reason for the penetration depth increase in short wavelength
laser welding under vacuum.

9.4.1.3 Boiling Temperature Reduction Effect

Under vacuum conditions, the materials irradiated by laser beam are easier to be evap-
orated, and their boiling temperature decreases obviously. The Calusius-Clapeyron
equation is used to calculate the pressure of metallic vapor when the gas—liquid phase
is in equilibrium state:

P.o(T;) = Pyexp (= T/T) (9.14)

where Py (=1 bar) is the metallic vapor pressure corresponding to evaporation temper-
ature T, under the standard atmospheric pressure. The evaporation temperature of
iron (B = 13.57) is calculated using Eq. (9.14). A decrease of about 800 K occurs
when the welding condition changes from the atmospheric pressure (1 bar) to the
vacuum pressure (1 kPa). Fabbro et al. observed the free surface temperature of
Ti alloys irradiated by laser under different ambient pressures, using an optical
pyrometer. They found that the surface temperature is more than 3400 K (boiling
point 3310 K) under the atmospheric condition (100 kPa). The surface temperature
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Fig. 9.15 Experimental results of the surface temperature distributions under different ambient
pressures

decreases to about 3200 K as the ambient pressure is about 25 kPa. When the ambient
pressure decreases to 5 kPa, the surface temperature is only about 2800 K, which
is 600 K lower than that under atmospheric condition. This is consistent with the
calculated results (Fig. 9.15).

Based on the 2D model g = Li —~ & % put forward by Fabbro et al.,
when the welding speed V is 2 m/min and the rvzirdius r is 0.25 mm, the penetration
depth in vacuum laser welding of iron increases by 40% compared with that in
laser welding under atmospheric pressure. Additionally, by using the recent ambient
pressure dependent surface pressure model (Eq. (9.1)) and the laser welding model
of the computational fluid dynamics, simulations of the laser welding of 304 stainless
steel are also made. When the laser power is 1.5 kW, the welding speed is 3 m/min,
and the laser spot radius is 0.25 mm, the penetration depth in vacuum laser welding
has nearly doubled compared with that in laser welding under atmospheric pressure,
as shown in Fig. 9.16.

To sum up, the boiling temperature of the material decreases under vacuum,
allowing more laser energy to act on the weld pool penetration direction. This
demonstrates that the decrease of the boiling temperature during vacuum laser
welding (especially with short wavelength) is the main reason for the increase of
the penetration depth.
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Fig.9.16 Comparisons of weld pool cross section in fiber laser welding of 304 stainless steel under
vacuum and atmospheric conditions

9.4.2 Finite Increase of Penetration Depth

In the experiments, if the ambient pressure falls below some critical ambient pressure
(about 1 kPa as shown in Fig. 9.12) and continues to fall, the penetration depth almost
stops increase. This shows that when the vacuum laser welding technology is used
to obtain large penetration depth in industry, a lower vacuum degree of the vacuum
chamber (or local vacuum equipment located at the processing area) does not mean
a better result, but instead, the vacuum degree should reach an optimal theoretical
value,. To obtain the optimal theoretical value during welding process, the physical
phenomenon of the limited increase of penetration depth due to the reduction of
ambient pressure is theoretically studied. To keep the keyhole open during laser
welding, the total pressure Py that must exist inside the keyhole can be written as:

Py = Pamp + Pe + P+ P(V) (9.15)
where
P the ambient pressure;
P.=ao/r the closing pressure of the keyhole defined by the surface tension

o of the liquid and its radius » (which is of the order of magnitude
of the focal spot radius);

P, = pigLgy  the maximum hydrostatic pressure resulting from a liquid thickness
corresponding to the keyhole depth (p; is the liquid density, g is the
gravity, L g is the keyhole depth);
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P(V) a function that takes into account the displacement of the keyhole
with a welding speed V and increases with it.

At low welding speed (1 m/min as shown in 9-12), the effect of P(V) can be
neglected. For usual values of different parameters involved in Eq. (9.15), one can
also neglect P, (P, =~ 1.6kPa for Lgy ~ 20mm). So, Eq. (9.15) becomes:

P()%Pamb'i'Pc (916)

From the above equation, it is clear that the minimum pressure inside the keyhole
that keeps it open is its closing pressure P.(=c/r), which is obtained under complete
vacuum. Hence, the lower limit of evaporation temperature inside the keyhole will
be defined by this pressure P.. So one can define a critical ambient pressure:

Per ~ P./10 9.17)

Below this critical ambient pressure, the effect of ambient pressure can be consid-
ered negligible in Eq. (9.16). Using this theory, the Pcg(oc & 2N/m, r & 0.2 mm)
in No. 120 reference is about 1.0 kPa. It can be seen in Fig. 9.12a that the experi-
mental saturated ambient pressure is about 1.0-2.0 kPa, which well agrees with the
predicted result. Using the same method, the Pcgi (0 ~ 2N/m, r =~ 0.2 mm) in No.
121 reference is about 1.2 kPa, while the experimental saturated ambient pressure
is about 1.0 kPa as shown in Fig. 9.12b. To sum up, in laser welding under vacuum
conditions, it is unnecessary to lower the degree of vacuum to a minimum possible
value. A suitable vacuum degree can be calculated using the critical ambient pressure
formula (Eq. (9.17)) to obtain a big penetration depth.

When the welding speed increases, the effect of P(V) in Egs. (9.16) and (9.17)
must be considered. Thus, it is easy to know that the critical ambient pressure
Pcp increases with the welding speed, though this behavior is not obvious. This
phenomenon is shown in Fig. 9.12. Additionally, as shown in Fig. 9.17, the keyhole
wall temperature increases as the welding speed increases. When the increments are
the same, the variations of keyhole wall temperature under lower ambient pressure is
larger. This demonstrates that in high-speed welding, the penetration depth is more
sensitive to the welding speed under lower ambient pressure, which is consistent with
the experimental results of Abe et al. and Borner et al. (Fig. 9.12) and the simulation
results of Pang et al. (Fig. 9.18).

It is interesting to notice that a keyhole can be considered as a nozzle that ejects a
vapor inside an ambient atmosphere. Based on the aerodynamic theory, the threshold
condition for vapor to eject from the keyhole to the environment with ambient
pressure of Py, at a supersonic speed is given by the relation:

P 1 (y/y—1
= "b —K = (%) (9.18)
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Fig. 9.18 Simulation results of the average keyhole wall temperature variation with welding speed

in fiber laser welding of 304 stainless steel under vacuum and atmospheric conditions

where the specific heat ratio y is 5/3, K is 2.05. The supersonic ejection condition
can be determined from Eq. (9.16):

Pump < P, (9.19)
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If this condition is verified, there should be a shock wave at the exit of the keyhole
and the vapor flow is then choked. One can see that this condition is fulfilled when the
ambient pressure is lower than the critical one (Eq. (9.17)), i.e., when the penetration
depth saturation previously discussed occurs. To sum up, for industrial applications of
laser welding under vacuum, it is not necessary to have a very good level of vacuum,
as in the case of usual electron-beam welding. The critical ambient pressure theory
should be useful in the design and application of proper industrial vacuum chambers.

9.5 Summary

(1)  The recently proposed surface pressure model which can be used to describe
the forces on the evaporation surface during laser welding is introduced. This
model has seriously considered the important effect of ambient pressure on the
evaporation surface, based on the recoil pressure model of Anismov. Therefore,
the surface pressure model can be used to calculate the surface pressure on the
evaporation surface in laser welding under various ambient pressures.

(2) The keyhole wall temperature in vacuum laser welding generally ranges from
2300 to 2500 K. The highest temperature (2900 K), 200 K lower than the
boiling point (3100 K) of the material under atmospheric conditions, usually
occurs at the top part of the humped keyhole wall irradiated directly by the laser
beam. Under atmospheric pressure, the average keyhole wall temperature can
reach more than 2900 K. The highest temperature is also located at the top
part of the humped keyhole wall directly exposed to laser beam. The value is
around the boiling point of the material under atmospheric pressure, or can
reach even more than 3400 K.

(3) The feature of transient keyhole oscillation in vacuum laser welding is much
similar to that in laser welding under atmospheric pressure. The keyhole oscil-
lation is also caused by the failure of the recoil pressure acting on the keyhole
wall to offset the joint pressure of the surface tension, the impact force of
fluid flow and hydrostatic pressure. Additionally, the keyhole under vacuum
is much deeper than that under atmospheric pressure, causing larger absolute
oscillation amplitude. However, the keyhole is more stable because the ratio
of the oscillation amplitude to the keyhole depth under vacuum is smaller.

(4) The weld pool flow pattern in vacuum laser welding is also similar to that in
laser welding under atmospheric pressure. Specifically, the fluid flows from the
keyhole opening to the periphery of the weld pool driven by the recoil pressure
and Marangoni force, and flows rapidly downward near the keyhole wall driven
by the recoil pressure. However, the fluid flow in weld pool in vacuum laser
welding is more moderate than that under atmospheric pressure. The speed
of flow in surface weld pool under vacuum is only about 0.5 m/s, compared
to 1.5 m/s under atmospheric pressure. This could be the important reason
that the spatter defect is reduced in laser welding under vacuum. Additionally,
compared with the violent vortex at the keyhole bottom in the rear of weld pool



9.5 Summary 273

&)

(6)

under atmospheric pressure, there is no obvious vortex under vacuum, which
is good for the reduction of porosity defect.

The penetration depth increases obviously under vacuum compared with that
under atmospheric pressure. The mechanisms proposed recently for penetration
depth increase are systematically introduced and clarified: the boiling temper-
ature of materials under vacuum decreases obviously, which allows more laser
energy to be used in the penetration direction; this is the main reason for
the increase of the penetration depth; the inverse bremsstrahlung absorption
effect mainly takes an effect on the long wavelength laser welding (e.g. CO,
laser welding); the scattering and fraction of metal vapor plume is an impor-
tant factor in penetration depth increase in the short wavelength laser welding
under vacuum, especially in the high-power laser welding; but this important
factor only accounts for only 10-20% of penetration depth increase and is thus
not the main reason for the increase.

The penetration depth will not continue to increase as the ambient pressure
decreases to a certain value. The physical phenomena and mechanism of the
finite increase of penetration depth under reduced ambient pressure are intro-
duced and clarified. The critical ambient pressure theory and formula for the
vacuum laser welding process are also introduced. These findings provide
guidance for the design of industrial vacuum chambers, and promote the
development and industrial application of vacuum laser welding technology.
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