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Abstract

This work includes numerical simulation of a laser welding process in order to understand the
transport phenomena during joining of two dissimilar materials, i.e., Ti-6Al-4V titanium
alloy and AISI 316L stainless steel in the present thesis. Accordingly, a numerical code is
developed on the FORTRAN platform. The numerical code is developed based on the finite
volume method considering the SIMPLER algorithm includes using of the power law scheme
and the staggered grids for velocity vector, and the subsequent solution of finally obtained
discretized simultaneous equations is performed on the TDMA algorithm. The setting of
boundary conditions plays an important role in the present problem as the whole generated
heat of the laser is transferred to the ambient through convection and radiation only that is
represented here by an equivalent heat transfer coefficient. Hence, an emphasis is drawn on
inclusion of the boundary conditions within the code. Accordingly, a simple slab of Ti-6Al-
4V titanium alloy with thickness of 80mm is considered for validation of the code where the
initial temperature of the slab and heat transfer coefficient related to the ambient fluid are
considered as 1632°C and 20 W/m2 -°C. The variation of temperature with time at centre of
the slab is compared with the available as the standard solution in the book of heat transfer by
Ozisik (1984). A very good agreement is found between the numerical and analytical

solutions. The developed code is then tested for necessary grid independent study.

Vil



Chapter-I

Introduction

1.1 Background

In this decade, the use of high power density welding technologies such as laser welding has
been increasingly sharply and utilizing it widely in the construction and industrial engineering.
The laser welding process offers a great potential in designing and fabricating of new products.
Compared to the other welding processes such as arc welding, solid state welding, induction
welding, friction stir welding etc., a small heat affected zone (HAZ) is developed into the work
piece in case of laser welding, and resulting low panel distortion [1]. But, in case of laser
welding, the transport phenomena are complex in nature include phase transition such as melting
and evaporation, laser light absorption and reflection, and moreover, the material properties are
temperature dependent. All of such phenomena occur in a very short time [2]. As found in
literature, the tradition trial and error based experimental approaches have encountered many
difficulties in optimizing the laser welding process. Thus, in order to extend of the laser welding
in the industrial applications and make such process more reliable, there is a necessity to
understand the process of laser welding in details and develop necessary concepts for its

applications, which is the primary of objective of the present thesis.
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Further, joining of the reflective and dissimilar metals is difficult and even impossible
using other kind of welding methods, whereas the laser welding is very much useful in such
cases. This laser welding is useful in joining a variety of metals include stainless steel, nickel,
titanium, inconel, and molybdenum etc. and notably, welding of the reflective and dissimilar
materials such as copper and aluminum, is possible using laser [3]. The laser is also used in
welding of the microfluidics chips and surgical equipment. In addition, the laser welding is a
noncontact process and possible to customize the system parameters. Based on the requirement,
a user may easily control size of the laser beam, and hence, size of the heat affected zone (HAZ).
In laser welding, heat transmits in a small and controlled area whereas other welding processes
such as MIG welding have wider heat input area, which causes more residual stress on its
products [4]. It is further known that a controlled welding possibly keeps the metallurgical
structure intact. Thus, a laser welding results a high quality weld which requires less finishing
and heat treating. In laser welding, control of heat affected zone is possible leads to weld an
exterior of any device without affecting the thermal-sensitive other internal components. In brief,
the use of laser welding provides more advantages than other welding processes. Accordingly,
the research and development of the laser processing is in progress, now-a-days [5-10].

Alongside, the recent requirement of the ability to manufacture a product by different
metals and alloys is greatly increasing, and leads flexibility in design and production where
optimization of the properties such as wear and corrosion resistance is possible, and beneficial in
terms of producing economic products. Now, joining of the dissimilar metals is a challenge,
now-a-days, with respect to retain good physical and chemical properties in the welds. The laser
welding, which is a high power density with low energy-input process, provides a necessary

solution to a number of common problems encountered in the conventional joining processes,

[2]
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and results accurate positioning of the weld bead, rapid heating as well as cooling, low distortion,
process flexibility, and hence, better product design for application purpose. But, it is well
known that understanding of the transport phenomena in laser welding is complex in nature as
this welding process include phase transition such as melting and evaporation, absorption and
reflection of the laser beam, and moreover, all properties of the materials are temperature
dependent and all of such phenomena occur in a very short time. Hence, there is a need to
understand the process of laser welding in details and develop the necessary concepts for its
practical applications. On the other hand, all experimental approaches have encountered many
difficulties in optimizing laser welding process. Accordingly, this work considers a numerical
study in respect of understanding the transport phenomena during a laser welding process. In
order to understand related basics of the laser welding, a rigorous review of literature is carried

out and presented in the section 1.2.

1.2 Literature Review

The transport phenomena in a laser welding are complex in nature. Accordingly, its preliminary
understanding includes a thorough review of literature. Based on the availability, the majority of
the reported literature involves experimental as well as numerical investigations of similar and
dissimilar materials. The present review of the literature is presented accordingly: the sub-
sections 1.2.1 and 1.2.2 present mainly the experimental based literature where the welding of
similar and dissimilar materials, respectively, is considered; the sub-sections 1.2.3 and 1.2.4
present mainly the numerical analysis based literature where welding of similar and dissimilar

materials, respectively, is considered.

[3]
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1.2.1 Review related to Experimental Analysis for Similar Materials

Tsoukantas and Chryssolouris [11] presented an experimental analysis of a remote welding
process on thin lap joint of AISI 304 sheets. A comparison is made with existing experimental
data and found a good agreement.

Tilli et al. [12] presented an experimental analysis of temperature distribution and melt
flow in fiber laser welding of inconel 625. In this study, the effects of welding speed and laser
power in continuous wave laser welding process of Inconel 625 sheets are investigated by
experimental method as well as by the finite volume method. As the welding speed increases, the
constant temperature lines on the surface of work part becomes ellipsoid which led to a decrease
in the HAZ. By increasing temperature from 700°C to a range of 1200°C and 1800°C, a change
in the microstructure change is observed from base metal to the HAZ region, results formation of
austenitic coarse-grained structure relative to the base metal austenitic structure.

Chandelkar and Pradhan [13] presented experimental analysis of the laser welding of
SS317L alloy using 400W Nd-Yag laser beam. They found related dominating factors are
temperature, welding current and pulse width those affect tensile strength of the welds.

Sinha et al. [14] presented experimental analysis of the laser welding of galvanized steel
in a lap joint configuration in order to investigate the potential of the variation of weld seam as
joining quality estimator. In this paper, the relationship between variation of weld seam and
tensile shear strength of the laser welding of galvanized steel is investigated.

Chuan et al. [15] presented experimental analysis of residual stresses in full penetration
laser beam welding of Ti6AI4V alloy. A uniform conical heat source modeled with parameters
out of the actual weld seam dimensions is developed to simulate the welding temperature fields

with different welding heat inputs. The results presented that cross section profiles of the weld

[4]
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seam simulated as the conical heat source agree well with the experimental results, the zone of
residual stresses distribution in laser full penetration welding of Ti6Al4V alloy is very narrow,
and gradient of the longitudinal residual stress is very steep.

Mehrpouya [16] presented experimental analysis of laser welding of NiTi shape
memory sheets and reports the effect of laser parameters on microstructural, functionality, and
mechanical properties of the welded joints. Also, this study is employed a numerical model to
estimate the optimum laser parameters, including the laser power and scan speed those produce
the HAZ and FZ. The simulation results, including variation of transient temperature, welding
penetration, and dimensions of HAZ and FZ, presented a good accuracy compared with that of
experimental results.

Franz et al. [17] presented experimental analysis of zero gap laser welding of zinc
coated steels in a lap joint configuration. In the paper, the authors found welds with a smaller
spot diameter leads to a sufficient increase of the joint quality by using the zero gap overlap
configuration.

Liu et al. [18] presented experimental verification of residual stress in autogenous laser
welding of high strength steel. Results showed that the transverse and longitudinal residual
stresses prevailed in the autogenous laser welding process, and the thermal stress concentration
occurs in the molten pool and its adjacent regions.

1.2.2 Review related to Experimental Analysis for Dissimilar Materials
Zhang et al. [19] presented an experimental analysis of a fiber laser butt welding of AISI 304
and Q235 low carbon steel. The effects of laser power and laser beam offset to the sides of

center of welding gap on the welded joint shape and strength are experimentally investigated,

and the optimum laser power and laser beam offset are determined based on tensile strength

[5]
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and hardness tests of the weldment. The different thermal conductivity and melting
temperatures of the two dissimilar metals result in different shapes of the welded joint. A
numerical simulation with a combined asymmetric heat source is implemented, and the results
agreed well with the experimental results. The study investigates mechanisms for forming
different weld joint shapes in AISI304L and Q235 steels. They presented different shapes of
weld joints of different thermal conductivity and melting temperatures dissimilar metals.

Shaibu et al. [20] presented an experimental analysis of CO, laser welding applied to
copper and 304 stainless steel. The study involves a numerical study also where a volumetric
Gaussian heat source is applied symmetrically on the both metal domain, and an asymmetric
molten pool shape is found. It is observed that the computational model has good concurrence
with the experimental results.

Lambaise and Genna [21] presented experimental analysis of the laser assisted joining
of polytheretherketone (PEEK) and AA5083 aluminum alloy. Maximum shear strength of the
joint is found to a value of about 30MPa when used laser power is 200W with an energy of
2000J. Under the conditions, the joint efficiency reaches to 53%. This value is much higher
than that achieved with any high-performance adhesive. Increasing of welding energy enables to
enlarge joint area, consequently this increases maximum shear force with formation of bubbles.
These bubbles produce an adverse effect that dramatically limits the strength of the joints.

Casalino and Mortello [22] presented experimental analysis of a fiber laser offset
welding of AA5754 and Ti6AIl4V alloys of 2mm thickness, joined in butt configuration. A
good bead appearance with good mechanical properties is found. This increases the
productivity and versatility of the welding process. The seam quality and brittle interface of the

joints depend on both the laser offset and linear energy.

[6]
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Borrisutthekul et al. [23] presented experimental analysis of a laser welding between
magnesium alloy (AZ31B) and aluminum alloy (A5052-O). Further, a possible method to
suppress the inter metallic compound (IMC) formation is investigated based on the FEM
analysis and found a shallow penetration depth of molten metal into lower plate in case of the
edge-line welding lap joint, which reduces reaction between two metals and also reduces
formation of inter metallic compound. From the experimental results, a shallow penetration
depth into lower plate is also found, subsequently concluded possible obtaining of a thin inter
metallic layer and a higher joining strength using the edge-line welding lap joint.

Zeng et al. [24] presented experimental as well as numerical analysis on a three-
dimensional finite element analyses to produce residual stresses on AZ31B magnesium alloy and
304L steel butt joint by the hybrid laser TIG and TIG welding illustrating variation of the
residual stress distribution and deformation on the plates. It is seen that the hybrid welded joint
is advantageous compared to the TIG welded joints in respect of less residual stress and welding
deformation.

Zhao et al. [25] presented experimental investigation of a laser overlap welding of
Ti6Al4V and 42CrMo. The laser overlap welding technique is used for joining titanium alloy
and alloy steel, and further understanding of the welding process is achieved by FEM model and
compared with experimental investigations. Thickness of the inter metallic reaction layer
containing Ti/Fe inter metallic compounds decreases by reducing of the heat input. The
temperature history at the measuring points obtained by the FEM model considering contact
resistance and forced convection effect. A good qualitative agreement of the numerical

prediction with the experimental is observed.

[7]
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Yang et al. [26] presented experimental analysis on influence of the laser power on
microstructure and properties of laser welding-brazing of 5052 Al alloys to AIl-Si coated
22MnBS5 steel. It is found that with increase in laser power, the tensile strength raises first and
then decreases.

Zhou et al. [27] presented dissimilar laser lap welding of Mg and Al alloys using a
CoCrFeNi medium entropy alloy interlayer. The material microstructure property relations are
established in this work.

Borrisutthekul et al. [28] presented dissimilar material laser welding between
magnesium alloy (AZ31B) and aluminum alloy (A5052-O). The joining technology of the
lightweight dissimilar metals between magnesium and aluminum alloy is adopted here, which is
essential for realizing the hybrid structure cars and others engineering applications.

Saleh et al. [29] presented experimental analysis of the laser welding on dissimilar
materials with influence of adding interlayer. In this study, the impact of incorporating a nickel
(Ni) foil as an intermediate layer on the lap joints of dissimilar materials (SS304 and A16061) is
investigated using continuous laser welding (CLW) technique.

Kuryntsev [30] presented a review of the laser welding of dissimilar materials (Al/Fe,
Al/Ti, Al/Cu). The paper analyzes the influence of the basic techniques, method, and the uses of
laser welding properties.

1.2.3 Review related to Numerical Simulation for Similar Materials
Ghosh et al. [31] presented a numerical simulation of a laser welding of 2205 duplex stainless
steel. In this work, the laser welding process is investigated considering phase change during butt

joint welding of 2205 duplex stainless steel plates through the process modelling using the finite

element method (FEM) and statistical techniques. They presented an investigation on effect of

[8]
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the process parameters such as laser power, scanning speed and beam diameter on the evolution
of thermal field and formation of the weld bead geometry. Simulation results show that
maximum temperature at weld zone, bead width and depth of penetration increases with the laser
power, and decreases with scanning speed. It is also seen that with increase of beam diameter,
maximum temperature at weld zone and depth of penetration decreases, while bead width
increases.

Azizpour et al. [32] presented a numerical simulation of the laser beam welding of
Ti6Al4V sheet. This paper reported a 3D finite element analysis simulation for laser welding of
1.7 mm Ti6AI4V sheets in the form of a butt joint in order to predict temperature distribution,
also hardness, and weld geometry. Also the butt-joint welds are made experimentally using the
CO; laser with maximum power of 2.2kW in the continuous wave mode. The experimental work
is carried out to verify the weld geometry with the specific weld parameters including power,
speed, and focal position. The effect of the focal position on the weld bead geometry is also
investigated. As found, the variation of the focal position does not significantly alter the
penetration depth and weld bead geometry. The high velocity of laser beam causes weld bead
smaller. The hardness at center of the weld pool is maximum, and higher laser speed causes
more difference in hardness between the weld pool and base metal.

Spina et al. [33] presented thermo-mechanical modeling of AA5083 sheets. A 3D
finite element (FE) model is developed to simulate the laser welding process of AA5083 thin
sheets, and predicted their final distortion. After comparison of results out of the FE model
and the experiments for a specific welding speed, the FE model is used to produce the thermal
loads induced by the laser source at different welding speeds. A very good agreement is found

with the experimental results for all cases.

[9]
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Mehrpouya et al. [34] presented a numerical study for prediction of optimum
operational parameters in laser welding of NiTi alloy by the finite element simulation and

artificial neutral network. Their necessary microstructural study illustrates that the laser

welding process effects grains size of the HAZ regions. In fact, the HAZ area shows a
coarser grain compared with the HAZ region due to the effect of the temperature gradient
and solidification rate. It is observed that the HAZ area close to the base metal contains fine
equiaxed structure. The dimension of the fusion zone (FZ) and HAZ slightly reduces when both
laser power and scan speed combinedly increases. They found that the maximum temperature
occurs when the laser welding and scan speed are 500W and 3 mm/s, respectively.

Tilli et al. [35] presented an experimental analysis on temperature distribution and melt
flow in a fiber laser welding of inconel 625. In this study, the effect of the welding speed and
laser power during continuous wave laser welding process of the Inconel 625 sheets is
investigated by finite volume and experimental methods. As the welding speed increases, the
constant temperature lines on surface of the work pieces becomes ellipsoid which leads to a
decrease in the HAZ.

Chandelkar and Pradhan [36] presented an experimental analysis of a laser welding of
SS317L alloy using 400W Nd-Yag laser beam. They found some dominating factors that affect
the temperature, are welding current and pulse width, and he dominating factors that affect the
tensile strength are frequency and welding current.

Zhang et al. [37] presented a numerical simulation of full penetration laser welding of
thick steel plate with high power high brightness laser. In full penetration welding, the lower

surface of molten pool is more unstable than the upper surface. The transient evolution of the

[10]
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molten pool and keyhole in quasi-steady stage of the laser in the full penetration welding, a
periodic feature is observed.

Chuan et al. [38] presented numerical analysis of residual stresses in full penetration
laser beam welding of Ti6AI4V alloy. A uniform conical heat source model with parameters
considered from the actual weld seam dimensions is developed to simulate the fields of welding
temperature with different welding heat inputs. The results show that the cross section profiles
of the weld seam simulated with the conical heat source based on the configuration of weld
seam agree well with the experimental results, the zone of residual stresses distribution in laser
full penetration welding of Ti6Al4V alloy is very narrow and the gradient of longitudinal
residual stress is very steep.

Mehrpouya [39] presented experimental analysis of the laser welding of NiTi shape
memory sheets and reports the effect of laser parameters on microstructural, functionality, and
mechanical properties of the welded joints. Also, this study is employed a numerical model to
estimate the optimum laser parameters, including laser power and scan speed, which can
produce the HAZ and FZ and therefore result in better weld. The simulation results, including
the transient temperature, welding penetration and the dimension of HAZ and FZ, show a good
accuracy compared to the experimental results.

Liu et al. [40] presented numerical modelling of residual stress in autogenous laser
welding off high strength steel. Results showed that the transverse and longitudinal residual
stresses prevailed in autogenous laser welding process, and the thermal stress concentration
occoured in the molten pool and its adjacent regions.

Rong et al. [41] presented numerical simulation of angular distortion and residual stress
in hybrid laser magnetic welding of 316L steel with but joint. The laser magnetic welding is

[11]
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useful to homogenize the weld of bead geometry, microstructure, angular distortion, residual
stress and plastic strain.

Panda et al. [42] presented numerical simulations and experimental results of tensile
test behaviour of laser but welded DP 980 steels. It is observed from tensile test experiments
and numerical simulations that both a decrease in strength and an increase in width of the
softened HAZ were responsible for a decrease in the overall strength and ductility of the welded

blanks.
1.2.4 Review related to Numerical Simulation for Dissimilar Materials

Behulova et al. [43] offered a numerical simulation of temperature field during a laser welding-
brazing of Al/Ti plates. This is a successful effort to join aluminum alloy to titanium alloy,
associated with necessary demand of minimizing the thickness by selecting appropriate welding
parameters and applying suitable filler materials. The numerical simulation of the laser welding-
brazing process is found sufficiently accurate and useful to study effects of the welding
parameters on the temperature field and ultimate tensile strength of the welded and brazed joints.
The laser power significantly impacts on the temperature field during the laser welding-
brazing process, while the effect to the laser beam offset and welding speed is less. The
ultimate tensile strength of the welded-brazed joints is primarily affected by the amount of
melted Ti. The thickness and morphology forms during rapid solidification of the melt are
directly related to the amount of melted titanium. An increase in the laser beam offset
towards the Al side leads to a decrease in the amount of melted Ti, while the melted zone on
the Al side increases, and, thus, resulting an increase in the ultimate tensile strength of the

welded-brazed joint.

[12]
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Danielewski et al. [44] presented a numerical simulation of a laser welding for
dissimilar low carbon and austenitic steel joint. Numerical analysis involves thermo-
mechanical method and phase transformation for estimating the weld dimension and joint
properties. Simulation of low carbon and stainless steel joints using the Simu-fact Welding
software are presented. Model of heat source within the geometry and parameters is
programmed. Laser beam welding simulation is performed for estimating parameters for the
complete joints penetration. Welding boundary condition and heat source geometry, welding
parameters and welding speed rate are estimated. Materials used in the simulation process and
experimental welding are low carbon S235JR and stainless 316L steels in sheet form. Joint
properties such as fusion zone and heat affected zone dimension and stress-strain distribution
are presented. The obtained hardness exceeds 350HV10, and for the industrial applications,
additional heat treatment of the welds is required.

Wang et al. [45] presented a numerical simulation analysis of a laser welding of a
5182 aluminum alloy and 30% glass fiber reinforced PA66 material. The influence of the
laser welding power and velocity on the welding strength of PA66 aluminum alloy after surface
texture treatment is studied. The tensile shear test results show that the welding strength of
aluminum alloy and PAG66, increases firstly and then decreases with the increase of laser power
and velocity. The welding strength is the highest when the laser power is 1200W and the
welding velocity is 2.5 mm/s, and the maximum welding strength is 1341N. When laser input
energy increases, melt zone of the plastic becomes larger. Temperature of the metal and plastic
contact interface exceeds thermal decomposition temperature of the plastic when the laser input
energy is high. The thermal decomposition zone appears inside of the plastic melting zone.

Mosavi et al. [46] presented a numerical simulation analysis of a fiber laser welding of

[13]



Chapter-1: Introduction and Literature Review

AISI 304 and AISI 420. The effect of the fiber laser welding parameters on temperature around
the welded zone is studied using the CCD and response surface method (RSM). The relation in
variation of temperature field near to the molten pool is clearly show indirect behavior of laser
beam penetration and absorption by the materials produce melt pool.

Zhang et al. [47] presented numerical investigation of fiber laser butt welding of AISI
304 and Q235 low carbon steel. The effects of the laser power and laser beam offset to the
sides of the center of the welding gap on the welded joint shape and strength are experimentally
investigated, and the optimum laser power and laser beam offset are determined via tensile
strengthand hardness tests of the weldment. The different thermal conductivity and melting
temperatures of the two dissimilar metals result a differential shape in the welded joint. The
numerical simulation with a combined asymmetric heat source is implemented in this study,
results agreed well with the experimental results. Then the model is applied to investigate
mechanisms in forming of weld shape in different weld joints of AISI304L and Q235 steels.
The differential shape in the weld joints caused due to different thermal conductivity and
melting temperature of the dissimilar metals.

Shaibu et al. [48] presented a numerical simulation analysis where CO; laser welding
is applied to the copper and 304 stainless steel. For making the dissimilar couple, a
volumetric Gaussian heat source is applied symmetrically on the both metal domain and it is
found an asymmetric molten pool shape. It is observed that the computational model provides
a good concurrence with the experimental results for the same set of parameters.

Zhao et al. [49] presented a numerical investigation of a laser overlap welding of

Ti6AI4V and 42CrMo. Welding depth is defined as a parameter to reflect the temperature

[14]
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field, which increases linearly with the laser power at a constant scanning velocity. The
molten pool is formed just at interface by adjusting process parameters.

Faraji et al. [50] presented a numerical modeling of fluid flow, heat and mass
transfer for a laser welding of Ti6AI4V and inconel 718. The laser source is simulated by a
volumetric heat distribution, which considers effects of the keyhole and heat transfer on work
piece. Both the weld pool width and depth increase with the laser power, but the effect on the
depth is more significant than on the width. The dissimilar welding simulation shows a higher
temperature gradient in the nickel side due to its higher thermal conductivity. The temperature

gradient plays an important role in developing residual stress during cooling stage.

1.3 Objective of the Present Thesis

Now-a-days, the laser welding process has a great potential and a wide usefulness in designing
and fabricating of new products. It is found comparing with the other welding processes such as
arc welding, solid state welding, induction welding, friction stir welding etc. that a small heat
affected zone is developed into work pieces in case of laser welding. A user may easily control
size of the laser beam, and hence, respective size of the heat affected zone. It is further known
that a controllable welding possibly keeps metallurgical structure of the work pieces intact. Thus,
a laser welding results a high quality weld that requires less finishing and heat treatment. It
provides weld joints with low distortion and good mechanical and metallurgical properties.

It is also known that joining of reflective and dissimilar metals is much difficult and even
impossible by the conventional welding methods, whereas the laser welding is very much useful
in such cases. The laser welding allows joining a variety of metals include stainless steel, nickel,

titanium, inconel, and molybdenum etc. Moreover, this welding is usable for very thin sheets too.
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Now, this laser welding involves melting and solidification of the joining materials. The
corresponding transport phenomena are complex in nature include phase transformation during
melting due to high laser source and during solidification too, and all material properties are
temperature dependent. Moreover, all of such phenomena occur in a very short time. In addition,
out of the literature review, it is found that weld properties depend on various weld parameters
such as laser power, scanning speed, focal position etc., accordingly the weld bead geometry is
formed, leads to the desire properties of the welds. Thus, in order to extend of the laser welding
in industrial applications and make such process is more reliable, there is a need to understand
the process of laser welding in details and develop necessary concepts for its applications, which
is the primary of objective of the present thesis.

Further, based on the literature review, it is found that the welding of dissimilar materials
is very much difficult because of their different thermo-physical properties and melting points,
which emphasizes for a detailed study of the transport phenomena during welding of dissimilar
materials. This work, thus, is a consideration of a study of the laser welding of dissimilar metals.
As found in the literature, the tradition trial and error based experimental approaches have
encountered many difficulties in understanding the basics of laser welding process. Accordingly,
this work considers a numerical study based on the finite volume method (FVM), involves:

0] Suitable mathematical modeling of the laser source

(i) Mathematical modelling of melting and solidification processes of concerned

metals during laser welding

(iii) ~ Numerical modelling of related governing equations/mathematical models

(iv)  Development of a programing code on the FORTRAN platform

[16]
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(v) Prediction of the results: temperature distribution, area of HAZ, penetration depth,

weld bead geometry under different process parameters.

1.4 Layout of the Thesis

Chapter-11: Description of the Physical Problem, its Mathematical and Numerical Modelling
Chapter-111: Results and Discussion

Chapter-1V: Conclusion and Future Works
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Chapter-l1i

Laser Welding of Dissimilar Materials:
Mathematical and Numerical Modelling

2.1 Introduction

Now-a-days, preparing joints of dissimilar materials throw a challenge to the researchers
where laser is being applied widely to satisfy necessary demand of different sectors such as
nuclear sectors, space craft industries, petrochemical sectors, automobile sectors, cryogenic
industries etc., and the demand of laser welding is increasing gradually. Such welding deals
with different thermo-physical properties, and that leads to the challenge in order to form
welding joints of suitable dissimilar materials [51-53]. This work, thus, considers joining or
welding of dissimilar metals using laser. Now, such a welding process involves melting and
solidification of the dissimilar material, i.e., heat and mass transfer under the high density
laser source. A better joint demands a clear understanding of the transport phenomena during
laser welding. In this regard, a through literature review [1-50, Chapter-1] has been carried
out, which concludes that the tradition trial and error based experimental approaches have
encountered many difficulties in understanding the basics of the laser welding process.
Accordingly, this work considers a numerical study based on the finite volume method
(FVM), involves presenting a suitable mathematical model with laser as a volumetric heat
source, subsequent consideration of a numerical model, and development of a code on

FORTRAN platform. Hence, validation of the developed code, and subsequent prediction of
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results: temperature distribution, area of HAZ, penetration depth, weld-bead geometry under

different process parameters.
2.2 Description of the Physical Problem

In order to a preliminary understanding of the transport phenomena during laser welding, and
simplification in the modelling part, this work considers a numerical analysis of a butt joint of
dissimilar materials using laser. This work considers a combination of dissimilar materials
(Ti-6Al-4V titanium alloy and AISI 316L stainless steel) that is used widely [54, 55] in
chemical industries, nuclear industries, automobile industries and aerospace industries etc. It
is found [56] that several intermetallic components such as FeTi, Fe.Ti, etc. form at high
temperature during welding, those are brittle in nature and increase probability of cracking
due to thermal stresses. This numerical analysis is carried out, accordingly, to obtain
temperature field during laser welding of the butt joint between Ti-6Al-4V titanium alloy and
AISI 316L stainless steel.

Fig. 2.1 represents a schematic of the considered butt joint of dissimilar materials. The
dimensions of each sample of the joint are considered as 40 mmx80 mmx4 mm, and an argon
laser is considered for this welding. The laser beam radius is considered as 125@m. For
simplicity in modelling and related code development, a cross-section of the joint (a 2-D
domain as shown in the Fig. 2.1a) is considered to present the weld pool developed during
welding between the dissimilar materials whereas the effect of scanning velocity is
represented in a separate 2-D domain as shown in Fig. 2.1b. The necessary thermos-physical

properties are provided in the Table-2.1.
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Figure 2.1: (a) A cross section of the butt joint (a 2-D computational domain on x-z plane)

and (b) one of samples in the butt joint (a 2-D computational domain on y-z plane)
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Table 2.1: The considered thermo-physical properties of the materials for present simulation

[57-61]
Description of the properties Ti-6Al-4V AISI 316L
Density (2 , kg/m?) 4430 7800
Specific heat (Cp, J/kg.IC) 526 585
Thermal conductivity (k, W/m.[C) 6.7 15
Solidus temperature (IC) 1604 1375
Liquidus temperature (IC) 1660 1400
Average meting temperature (!C) 1632 1377
Latent heat of fusion (La, J/kg) 286000 280000
Thermal expansion coefficient (Br, 1/iC) 8.6x10 1.9x10°

2.3 Modeling of Laser Beam as a Heat Source

There are mainly three alternatives to model the laser beam as a heat source in welding
processes: 2D and 3D Gaussian distribution models, and Goldak’s model [62]. In 2D
Gaussian distribution model, the energy (W/m?) distributes according to a Gaussian curve and

presents as

%] - 2 A2
Qx,y,t) = Qoexp( 3lx — xc) 2+ =) ])

To

S eR))
where Qo is the introduced area distributed heat flux (as per the Eq. 2.2), and (x, y) and 7y are
the parameters describing position of the heat source [62]. (x¢ Yc) is centre position of the
source. An exemplary value of the parameters is shown is the Table 2.2 and corresponding
distribution of the energy flux (Q) is shown in the Fig. 2.2.
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For a welding speed of v (m/s), ¥, = vt at a time of t(s) while the laser beam is moving
towards positive Y-direction and x. = 0.

Table 2.2: Exemplary values of laser parameters for a 2D model [62]

Description of the parameters Value

Type of laser Argon

Laser power (P, W) 750

Beam radius (I m) 125

Radius of the heat source (7o, I m) 471

Process efficiency (2 ) 0.4
Welding speed (v, m/min) 2

e 2.7182818

] 3.14159265358979
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Figure 2.2: Distribution of the energy (Q, W/m?) for a 2D Gaussian heat source
However, Teixeira et al. [63] claimed that the 2D model is not suitable compare to a

3D model for welding of the thick plates as the heat is unable to reach to a deep than that of

[27]
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the 3D model. It is found in the literature that, in welding processes such as plasma and
electron beam welding, and laser welding, assumption of a 3D conical heat source with a
Gaussian distribution is more suitable and commonly used in applications. A schematic

representation of the 3D conical heat source is shown in Fig. 2.3.

Zy

Figure 2.3: Schematic representation of the 3D conical heat source with Gaussian
distribution
In case of a 3D conical heat source, distribution of the energy in any x-y plane is
similar to the 2D model, i.e., the Gaussian distribution, where the beam radius (rp) decreases

linearly as thickness of the material increases [62], and is represented by Eq. (2.3)

ro =1 + (ru—rl)-(—(zz%‘l))-

.. (2.3)
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where ry and rj are the upper and lower beam radii, and the upper and lower z-coordinates
are zy and zj, respectively. An exemplary value of the parameters is shown is the Table 2.3
and corresponding distribution of the volumetric energy (Q) is shown in the Fig. 2.3. The
related introduced distributed volumetric heat source (Qo, W/m®) of the laser beam is

represented as

3 9nPe3

L Y S o e T
... (2.4)

Respective energy (W/m?®) distribution as per the Gaussian curve is presented as

—3[x—x)*+ v—w)?]
Q(x! y,z, t) — QoeXp( : 2 =
o

... (2.5)

Table 2.3: Exemplary values of laser parameters for a 3D model [62]

Description of the parameters Value
Type of laser Argon
Laser power (P, W) 750
Beam radius (& m) 125
Upper radius of the heat source (7w, I m) 734
Lower radius of the heat source (77,7 m) 356
Process efficiency (7)) 0.9
Welding speed (v, m/min) 2
Thickness of the work piece (mm) 2
Upper z-coordinate (z, I m) 2000
Lower z-coordinate (2;, 1 m) 0

e 2.7182818
I 3.14159265358979
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Figure 2.3: (a) Distribution of the energy (Q, W/m3) for a 3D conical heat source (at z,,) and

(b) comparison of energy distribution (Q, W/m?) available at z,, and z,
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The Goldak’s model [62, 63] is usually presented by two ellipsoids (front and rear)
perpendicular to each other as shown in the Fig. 2.4. The equation for the front ellipsoid is
presented by Eq. 2.6 and subsequent rear ellipsoid is presented by Eq. 2.7. In these equations

(Eg. 2.5 and Eq. 2.6), Q; and @ are front and rear volumetric laser heat flux densities,

respectively, and Q is the power introduced by the laser. a, b, ¢, C; and C;- are the dimensions
of molten pool. The parametersf; and f- are the fractions of energy distributed in front and
rear parts of the ellipsoid. A usual ratio of f; and £ is 60:40 to satisfy a relationship as

fr + f = 2. Other parameters such as k, [ and m are usually determined based on

experiments, however, usual accepted value of all is 3.

Figure 2.4: Goldak’s heat source model [62]

0. ) 6v3/:Q ( kx? ly? mzz)
X, y,z)=——exp| ——— 5 — ——
%) abC, p Z B2 o2
.26
0. ) 6V3£.Q ( k% Iy® mzz>
X,y,z)=———exp| ————5 ———
ks abC,m\m . & b= ¢
... (2.7
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2.4 Mathematical Modelling of the Problem

In the present study, a numerical investigation on a butt joint of two dissimilar materials
using a laser beam is considered. Modeling of the laser beam as a heat source is a crucial
issue and presented in the section 2.3. This work considers the volumetric 3D conical heat
source (in W/m?) that represents the presence of laser beam during welding of the dissimilar
materials [62, 63]. It is represented in the Fig. 2.3 that laser beam is capable of generating
high energy density. The dissimilar weld materials consist of different thermos-physical
properties definitely behave differently under application of high energy density beam. It
includes melting and solidification of the materials, weld pool development, heat evolution
and absorption during phase change, development of fluid flow and heat transfer under
presence of the heat source and electromagnetic field, macro- and micro-segregations etc.
Consideration of all of these phenomena results complexity in the analysis. For simplicity in
the analysis, thus, the following major assumptions are considered in the thesis.

(1) All properties of the weld materials are temperature independent.

(i) Considered the different thermo-physical properties of the weld materials (as per
the Table 2.1). Then a continuous domain of interest is assumed by calculating
average properties between two nodes. Further, an average melting point is
considered to represent each of the weld materials similar to its eutectic material.
Accordingly, the macro- and micro-segregations are ignored.

(iii) Mixing of the weld materials is ignored.

(iv) Only the effect of thermal buoyancy is considered for developing fluid flow along
with Boussinesq approximation.

(v) Density change during melting and solidification is ignored.

(vi) Molten metals are assumed as the incompressible fluids.

[32]
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(vii) Representing the laser beam as a volumetric heat source.

Based on the above assumptions, the melting, solidification, fluid flow during the laser
welding is represented by the continuity, momentum and energy equations [64-68]. In the
model, the enthalpy update scheme [69-70] is used to trace the solid-liquid interface during
melting and solidification.

2.4.1 Conservation of Mass
For incompressible fluid, the conservation of mass equation [71-73] for a 2-D computational

domain is represented as:

d(pu) % d(pu)

Jx dx =

.. (2.8)
In the Eq. 2.8, p denotes density (kg/m®) of the weld materials; u and v denote the velocities
(m/s) in x- and y-directions, respectively.
2.4.2 Conservation of Momentum
In the present mathematical model, the following equations [71-73] are considered for the

conservation of momentum.

a(pu)_I_ 6(pu)+ d(pu) 0P

3 u— v I T + V. (uVu) + S,
...(2.9)
d(pv) a(pv) a(pv) P
o +u Sy +v T —a—y+V. QLVv)+Sv+prT(T— Tref)
... (2.10)

The laser welding of the dissimilar materials involves melting and solidification.
Accordingly, the domain of interest consists of solid, liquid and solid/liquid interface. During

welding, there is absence of flow in the domain of solid (where liquid fraction, f; = 0)

[33]
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whereas flow develops in the liquid region (where liquid fraction f; = 1) due to the thermal
buoyancy, represented by the last term of the Eq. 2.10. The source terms, S, and S, as added
in the momentum equations [74], provide an additional resistance to the flow in case of solid

region whereas allows the melt to flow in case of liquid, and those are represented as

Sy =Au
... (2.113)
Sy=4Av
... (2.11b)
where A is defined as
_Cca-fY
f2+b
. (2.12)

In the Eq.2.12, C is known as a morphological constant and usually assigned by a sufficiently
large value of about 1.6x10°%. In the Eq.2.12, the term ‘b’ is known as a computational
constant included in respective model in order to avoid division of any value by zero during
iterations. Based on the equations (Eq. 2.11a,b and Eq. 2.12), a zero value to the additional

resistance occurs to in case of liquid phase (f; = 1), and it changes from zero to a very high
value in case of solid phase (f; = 0).
2.4.3 Conservation of Energy

The temperature distribution within the computational domain is predicted by using the

energy conservation equation [71-75] and presented as

d
(pCpT) +u6(pCpT) L va(pCpT)
at dx ay

= V. (kVT) + S,

.. (2.13)
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In Eq. 2.13, Sy, is a source term represents absorption and evolution of the latent heat during

melting or solidification, respectively, of the weld materials. Based on assumptions, the latent

heat source term (S5) is presented [76] here as

u\pnii )

S, =
"ot L (2.14)

where AH is the enthalpy value varies as
AH = 0 when T < Ty, (solid region)
AH = L, when T > Ty (liquid region)

The enthalpy value (AH) is updated based on the enthalpy update scheme [71-77] in each of

iterations during simulation. The enthalpy update scheme [71-78] is presented as Eq. 2.15.

[AHp]™! = [AHL]" + Z—EA[{HP}" — C,FH{AH,}"]

... (2.15)
In Eq. 2.15, AHp is the latent heat content at the P"™ node point of the respective

computational domain, n is the present iteration number, @z is the coefficient of T at the P™"

node, and a3 = p (%). A is a relaxation factor in the discretized energy equation, Cp is the

specific heat of the materials, and F~1 is an inverse latent heat function equals to Tomert in the
present case. After predicting the latent heat content (AH) in each of the nodes, the fractions

of liquid and solid at any node in the computational domain are calculated as

AH

flzz ... (2.16a)

f=1-f ... (2.16b)
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2.4.3 Boundary Conditions

The laser welding process involves generation of the high energy density while applying the
laser beam into the work pieces, and subsequent rise in the temperature is also very high.
Under such a condition, consideration of combined convective and radiative heat transfers is
suitable for all the bare surfaces. The heat transfer from any of the surfaces is considered as
qs = (he + h)(T —T,)

. (2.17)
where h. and h, = eo(T + T,)(T? + T? ) are the convective and radiative heat transfer
coefficients, respectively. £ is emissivity of surfaces, o is the Stefan-Boltzmann constant, and
T, is the ambient temperature. The bottom surface is considered here as an adiabatic surface.

Also an adiabatic condition is considered over the area of direct laser impingement.
2.5 Numerical Modelling

The present set of mass, momentum and energy conservation equations is coupled with the
boundary conditions, and discretized based on the pressure based semi implicit finite volume
method according to the SIMPLER algorithm as described by Patankar [79]. To establish a
suitable spatial discretization and the levels of iteration convergence criteria, a
comprehensive and complete grid-independence study is carried out. During simulation, the
convergence is declared when 1(i-iod) limaxi! 10° where i stands for the solved variables at
a grid point at the current iteration level, Boq represents the corresponding value at the
previous iteration level and Blmax is the maximum value of the variable at the current iteration
level in the entire domain. The work conducts a comprehensive grid-independence study. It is
found that a 82x42 uniform grid set is suitable for the present simulation and a time step of

0.01s offers a better convergence.

[36]
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2.6 Closure

The present numerical investigation involves predicting of the transport phenomena while
melting and solidification of weld materials in laser processing to prepare a weld joint. An
appropriate mathematical model is considered in this chapter. The set of governing equations
is solved using the Pressure based Finite Volume Method based on TDMA algorithm. In the
model, the enthalpy update scheme is used to trace the solid/liquid interface during melting

and solidification.

[37]
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Results and Discussion

3.1 Introduction

The transport phenomena during laser beam welding of dissimilar materials are presented in this
chapter. This includes consideration of a suitable problem and modeling of the problem using the
mass, momentum and energy equations with the relevant source terms. Further modeling of the
laser source and boundary conditions are also considered properly in order to model the problem
effectively. This work then considered the numerical study based on the finite volume method
(FVM) and development of a code on FORTRAN platform. Initially, validation of the developed
code is considered and subsequent it involves prediction of results: temperature distribution, area

of HAZ, penetration depth, weld-bead geometry under different process parameters.

3.2 Development of a FORTRAN based numerical code along with
setting of the proper boundary conditions, and necessary validation

of the developed code

This work includes numerical simulation of a laser welding process in order to understand the

transport phenomena during joining of two dissimilar materials, i.e., Ti-6Al-4V titanium alloy
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and AISI 316L stainless steel in the present thesis. Accordingly, a numerical code is developed
on the FORTRAN platform. The numerical code is developed based on the finite volume method
considering the SIMPLER algorithm includes using of the power law scheme and the staggered
grids for velocity vector, and the subsequent solution of finally obtained discretized simultaneous
equations is performed on the TDMA algorithm. The setting of boundary conditions plays an
important role in the present problem as the whole generated heat of the laser is transferred to the
ambient through convection and radiation only that is represented here by an equivalent heat
transfer coefficient. Hence, an emphasis is drawn on inclusion of the boundary conditions within
the code. Accordingly, a simple slab of Ti-6Al-4V titanium alloy with thickness of 80mm is
considered for validation of the code where the initial temperature of the slab and heat transfer
coefficient related to the ambient fluid are considered as 1632/C and 20 W/m?-IC. Other thermo-
physical properties are considered from the Table 2.1. The variation of temperature with time at
centre of the slab is presented in the Fig. 3.1, and compared it with that available as the standard
solution in the book of heat transfer by Ozisik (1984). A very good agreement is found between
the numerical and analytical solutions. The developed code is then tested for necessary grid
independent study. A rigorous grid independent study is conducted considering different values
of uniform grids (n«xnyxn;) such as 72x72x32, 82x82x42, 92x92x52, 102x102x62, 122x122x62
and 142x142x62. The variation of the central temperature with time is presented in Fig. 3.2.
Hence, based on the analysis, a suitable grid structure of 82x82x42 is selected for the present

study. The code is then extended for the present numerical analysis.
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3.3 Representation of the laser beam as a volumetric heat source in

the numerical code

In the present thesis, a 3D conical heat source with a Gaussian distribution is considered, and the

related parameters are presented in the Table 3.1. Referring to the Fig. 2.3, the beam radius (rg)

decreases linearly as thickness of the material increases [62], and is represented as

(z—z)
ro=n+0y—1n)——=
0 1 u 1 (Zu _ Zl)
... (3.1)
where ry and rj are the upper and lower beam radii, and the upper and lower z-coordinates are z,
and z,, respectively. The volumetric energy (W/m?) distribution as per the Gaussian curve is

considered as

2
1o

s . 2 .
Q(XJ-’-Z.t):Qoexp( [ —x)* + & — y) ])

... (3.2)
In the present thesis, a modified introduced distributed volumetric heat source (Qo, W/m?)

of the laser beam is considered in order to present its realistic value as

3 9nPe3
1000n(e3 — 1}z, — z)( + 7%+ mury)

Qu

... (3.3)

For verification of the present heat source model, the dimensions of the concerned
computational domain are incorporated in the code, and identified separate domains for the
dissimilar materials or work pieces. Then, all the thermo-physical properties of the work pieces

as per the Table 2.1 are incorporated in the numerical code. Then, the peak temperature for

[44]
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different values of the laser power is predicted as function of the time as shown in the Fig. 3.3. It
is found that the peak temperature achieves within 0.14s to 0.18s. Corresponding variation of the
peak temperature with laser power is presented in the Fig. 3.4 and compared with those
predictions by Mohan et al. [80]. A good agreement of the present model is found as shown in
the Fig. 3.4, without incorporation of the melting and solidification phenomena of the materials,
and considering the related boundary conditions. Then, the modified heat source model is

extended for further study of the laser welding process.

Table 3.1: The laser parameters for the 3D model [62]

Description of the parameters Value
Type of laser Argon
Laser power (P, W) --
Beam radius (2 m) 125
Upper radius of the heat source (7, [ m) 734
Lower radius of the heat source (77, m) 356
Process efficiency (I ) 0.45
Welding speed (v, m/min) --
Thickness of the work piece (mm) 4
Upper z-coordinate (zy, 2 m) 4000
Lower z-coordinate (z;, I m) 0

e 2.7182818

! 3.14159265358979

[45]
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3.4 Study of the transport phenomena during welding of the work

pieces with stationary laser beam

In this case, a stationary heat source is considered to represent a laser power of 3000W. The
other thermo-physical properties for the concerned dissimilar materials are considered as per the
Table 2.1. The dimensions for the cross section (the computational domain) of the weld materials
are considered as 80mmx4mm with a grid size of 82x42. The necessary boundary conditions are
presented in the Chapter-11. Fig. 3.4 represents corresponding distribution of the heat source in
the computational domain. A maximum value of about 272.89x10° W/m? is found on top of the
domain whereas a minimum value of about 2.95x10° W/m?® is found at bottom of the domain.
Application of the high density laser source increases the temperature of the weld materials and
melts the materials at a temperature about of their melting temperatures. Accordingly, in this
present section, the temperature distribution along with the progress of melt-front is presented
with time. Fig.3.5 (a) represents the distribution of temperature with melt-front at time 0.1s
where top part of the domain is melted. The melting of the materials increases with time as
shown in the Fig. 3.5 (b, ¢), and the melt-front reaches to the bottom of the domain at about1.0s
as shown in the Fig. 3.5(d) and the Fig. 3.6 presents the melt-front at 1:1 scale with a weld-pool
of about 4mm wide. Corresponding increase of the melt fraction in the domain with time is
shown in the Fig. 3.7. It is found that melt fraction reaches to 1 within a considered domain
(about 7mm wide is considered here at middle of the computational domain) at 1.08s, which also
represents reaching of the melt-front at bottom of the domain. This work is then considered
removal of the heat source after reaching of the melt-front at bottom of the domain in order to
understand the solidification behaviour of the melted weld materials. Both the convection and

radiation from the bare surfaces reduce temperature of the melt that starts solidifying from top of

[47]
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the domain. The corresponding melt-front moves downwards as shown in the Fig. 3.5 (e, f).
Complete solidification of the melt takes place at 2.86s as shown in the Fig. 3.7. Hence total time

for melting is 1.08s and that for the solidification is 1.78s.
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Figure 3.4: Distribution of volumetric laser heat source (x10° in W/m?®) for P=3000W
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Figure 3.7: Presence of the melt fraction with time for P=3000W

[52]



Chapter-111: Results and Discussion

This work also considered the visualization of fluid flow in the melt during welding of
dissimilar materials due to thermal buoyancy only. Analyzing the Table 2.1, it is found that the
thermal expansion coefficient of the AISI 316L is high and melting temperature is low that
implies high BT compared to the Ti-6Al-4V, those result a high bouyancy force in case of AlSI
316L. It is mention here that the ratio of thermal expansion coefficient between AISI 316L and Ti-
6Al-4V is 2.2 where as density ratio is 1/1.76. Hence, the effect of the thermal expansion
coefficient is more prominent than the density of the material. Thus, the high buoyancy induces
moving of the fluid from AISI 316L to Ti-6Al-4V. Fig. 3.8 shows the corresponding loop of the
flow using streamlines and its sub-figure shows the direction of flow at top of the domain. Due to

this melt flow, mixing of the materials is possible.
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Figure 3.8: Streamline and velocity vector at a time of 1.0s for P=3000W
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Further, it is an important issue to identify the heat affected zone (HAZ) during the laser
welding due to application of a high density energy source. The high temperature developed
during the welding results transformation of the phases in the solid state too at above of the
recrystallization temperature which is in between 800!C and 850!C for both of the materials. In
the present case, 825!C is considered to identify the heat affected zone (HAZ). Corresponding
evolution of the HAZ with time is shown in the Fig. 3.9. It is about 6mm wide at 1.0s as found in
the Fig. 3.9(b). The HAZ is wider at later stage of the solidification as found in the Fig. 3.9(c)

possibly due to evolution of the latent heat during solidification.

x
=
w

0.01 0.02 003 004 005 006 007
Distance along X-axis (m)

jem]

Distance along Z-axis (m)
Shaks

Fig. 3.9 (a)

001 002 003 004 005 006 0.07
Distance along X-axis (m)

o

Distance along Z-axis (m)
(@] SAN
i X
H
S
w

Fig. 3.9 (b)

[54]



Chapter-111: Results and Discussion

E

.4

I

5 3

N ;

4 > 10

£ ; I

g 0 0.01 002 0.03 004 005 006 0.07

2 Distance along X-axis (m)

=]

Bz

[
Fig. 3.9 (¢)

Figure 3.9: Evolution of heat affected zone (HAZ) with time for P=3000W: (a) 0.5s, (b) 1.0s,

and (c) 2.0s

In order to understand the behaviour of the melting and solidification under different
values of the laser power, a parametric study is also considered in this work subsequently. Five
different values (1000W, 2000W, 3000W, 4000W, and 5000W) of the laser power are
considered. Fig. 3.10 shows values of the corresponding volumetric heat source representing the
laser beam at top and bottom surfaces of the weld for laser powers. A sharp increase in the
volumetric heat source is found in case of top surface of the weld with increase in laser power
whereas the effect of laser power on bottom surface of the weld is less. Then under different
values of the laser power, the total time to melt the materials across depth of the weld, and total
time to solidify the molten materials are predicted. Fig. 3.11 shows corresponding melting and
solidification times under different laser powers. The melting time decreases with increase of the
laser power. The higher laser power melts the materials more, accordingly width of the weld-
pool increases as shown in the Fig. 3.12. Similarly, at a higher laser power, the HAZ is also
increases as shown in the Fig. 3.12. Now, the more melt or molten metal at high laser power
needs more time to solidify completely. Accordingly, the solidification time of molten materials

increases with laser power as shown in the Fig. 3.11.
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In the laser welding, the travelling speed of the laser is an important parameter to control
the properties of the weld. Hence, considering width of the weld-pool and total meting time to
melt the materials across depth of the weld, a limit to the travelling speed of laser is calculated
ensures melting of the materials across depth of the weld. The values of the limit to the travelling
speed under different laser powers are presented in the Fig. 3.13. At a high laser power, a high
limit to the traveling speed is allowable. However, in all above cases, the heating of the materials
is considered from initial temperature; accordingly the limit may vary in case of travelling of the

laser beam.
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Figure 3.10: Typical values of the volumetric heat source corresponding to a laser power at top

and bottom surface of the weld materials
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3.5 Study of the transport phenomena during welding of the work

pieces with travelling laser beam

It is recognized that both the travelling speed and power of laser beam play important role in the
transport phenomena during welding of the materials. Hence, in this section, the transport
phenomena are analyzed under different travelling speeds and powers of the laser beam. Fig.
3.14 represents the distribution of temperature and corresponding tracking of the melt-front for a
laser power of 3000W under different travelling speeds (10mm/s, 10.5mm/s, 11mm/s, 12.5mm/s,
and 15mm/s) of the laser beam in the part of Ti-6Al-4V (at middle of the weld in the x-direction)
at a distance of 45mm along y-axis which is the travelling direction of the laser beam. It is
obvious that, at lower travelling speed, the heating time is more. Accordingly, more melting of
the materials is observed at lower travelling speed as found in the Fig. 3.14(a). With increasing
the travelling speed, melting of the materials reduces and corresponding size of the weld-pool
also reduces as found in the Fig. 3.14 (b to e). The depth of penetration reduces with increase in

travelling speed of the laser beam, accordingly. In Fig. 3.15, the variation of depth of penetration
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with travelling speed of the laser beam is shown for the laser power of 3000W at y = 45mm
where the depth of penetration reduces with increase in travelling speed of the laser beam. Now,
this depth of penetration depends on the power of the laser beam. Subsequent, the numerical
simulation is extended for different laser powers. The corresponding variation of the depth of
penetration with power of the laser beam is presented in Fig. 3.16. It is found that the depth of
penetration increases with increase in the laser power due to high energy density at the high laser
power. The all above presentations are considered for the part of Ti-6Al-4V. However, a
comparison of that part is made with the part of AISI 316L for the laser power of 3000W at a
travelling speed of 15mm/s at y=45mm as shown in Fig. 3.17. It is found that weld-pool size is
smaller in case of AISI 316L. In the section 3.4, it is discussed that the high buoyancy induces in
the part of AISI 316L than Ti-6Al-4V part. The high buoyancy is one of the reasons to enhance

the heat transfer in the part of AISI 316L, and reduces the size of the weld-pool.
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3.5 Closure

In this chapter, validation of the developed code is considered first with the standard analytical
work [81] in order to set the boundary conditions properly. Then laser beam is represented in the
code as a volumetric heat source and validated with a published paper [80] in order to proper
inclusion of the laser source with the related boundary conditions. In both of the cases, a good
agreement is found. Hence, the necessary boundary conditions for the present problem is
incorporated in the code and predicted related transport phenomena during the laser welding of
dissimilar materials. Preliminary, the melting and solidification behaviour of the materials are
predicted for a stationary laser beam; subsequently, a parametric study is carried out with an
outcome for the limit to the travelling speed of the laser under different laser powers. Then, the
code is extended for development of weld-pool, depth of penetration etc. under different

travelling speeds and different laser powers.
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Conclusion and Future Works

4.1 Conclusion

Since the laser welding involves melting and solidification of the materials using the high density
laser energy source. This leads complexity in predicting the transport phenomena. Moreover, all
of such phenomena occur in a very short time. In addition, it is found that all weld properties
depend on various parameters such as laser power, travelling speed of the laser, positional
conditions etc., accordingly the weld bead geometry is formed, leads to the desire properties of
the welds. Thus, in order to extend of the laser welding in industrial applications and make such
process as more reliable, this work considers the understanding of the process of laser welding in

details; and to develop the necessary concepts for its applications.

Joining of dissimilar materials throws a challenge, now-a-days, to the researchers which
has wide application in nuclear sectors, space craft industries, petrochemical sectors, automobile
sectors, cryogenic industries etc., and on other hand, the demand of laser welding is increasing
gradually. This work, thus, considers joining of two dissimilar metals (Ti-6Al-4V titanium alloy
and AISI 316L stainless steel) using laser. Since the experimentaion is very expensive, this work

considers a numerical work. The numerical study based on the finite volume method (FVM),
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involves presenting a suitable mathematical model of melting and solidification (using the mass,
momentum and energy equation along with related source terms and enthalpy update scheme)
with the laser beam as a volumetric heat source, subsequent consideration of a numerical model
using power law scheme, SIMPLER and TDMA algorithms, and development of a code on
FORTRAN platform. Hence, it involves validation of the developed code, and subsequent
prediction of the results: temperature distribution, area of HAZ, penetration depth, weld-bead

geometry under different process parameters.

The validation of the developed code is considered first with a standard analytical work
in order to set the boundary conditions properly. Then laser beam is represented in the code as a
volumetric heat source and validated with a published paper in order to proper inclusion of the
laser source with the related boundary conditions. In both of the cases, a good agreement is
found. Hence, the necessary boundary conditions for the present problem is incorporated in the
code and predicted related transport phenomena during the laser welding of dissimilar materials.
Preliminary, the melting and solidification behaviour of the materials are predicted for a
stationary laser beam; subsequently, a parametric study is carried out with an outcome for the
limit to the travelling speed of the laser under different laser powers. Then, the code is extended
for development of the weld-pool, depth of penetration etc. under different travelling speeds and
different laser powers. The major findings are as:

0] High buoyancy induces in the melt of AISI 316L than Ti-6Al-4V and results flow
from AISI 316L part to the Ti-6Al-4V part. Hence, mixing of the materials is
possible.

(i) Size of weld-pool, depth of penetration and HAZ increases with increase of the

laser power.
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(iif)  Size of weld-pool, depth of penetration and HAZ decreases with increase of the

travelling speed of the laser beam.
4.2 Scope of the Future Works

(i) All properties of the weld materials are temperature dependent. Variable properties
may be incorporated in the numerical code.

(if) Incorporation of mixing of the weld materials and their transport in the model and
subsequent numerical code.

(iii) Incoporation of the non-uiform grids in order to obtain proper shape of the weld-pool,
and proper distribution of the temperature, melt-front etc.

(iv) Consideration of volume average properties in the model and numerical code.

(v) Consideration as the binary mixtures of the materials instead of pure/eutectic metal
consideration.

(vi) Consideration of the both the thermal and solutal buoyancies.

(vii) Consideration of different models in order to represent the laser beam as a volumetric

heat source etc.
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