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Abstract

The present work proposes to explore laser welding of duplex 2205 stainless steel through
numerical and experimental methods for optimization of process parameters. Different types
of welded joints are used in industry. Laser welding can be accomplished with comparatively
lesser amount of heat and the heat can be delivered through a smaller and precise beam
resulting in less residual deformation and a deeper penetration which helps in achieving a
higher weld strength, a smaller bead width with better aesthetics, as well as a narrow heat
affected zone (HAZ) such that lesser amount is affected by the thermal degradation process.
Due to such advantages laser welding offers a promising route for welding compared to other
welding techniques. Why we choose laser welding process was described above but reason
behind choosing 2205 duplex stainless is its unique properties which should be explored
much. Duplex stainless steels (DSS) represent a class of stainless steels with dual
microstructure consisting of approximately equal proportions of ferrite and austenite phases.
This balanced microstructure offers a favorable combination of mechanical strength and
corrosion resistance, rendering DSS a popular choice for pipelines, handling high pressure
and corrosive fluids. Along this, mechanical and chemical properties are being stable in
elevated temperature. As it is predictable to reach very high temperature in welding process,
the consistency of properties on such high heat is desirable. Application of the Duplex
stainless-steel finds use in diverse fields, such as automotive industries, process industries,
aerospace, marine and fabrication industries.

Laser welding process includes some process parameters to achieve some response
parameters. It is known that a welding will be defined as satisfactory or complete only if it
can offer quite high strength in joints. To ensure higher strength in joints we have to aim
maximum penetration of heat into the material as well as minimum bead width so that heat
affected zone can be minimal. A large area of heat affected zone can rise brittleness of weld
materials. Higher strength weld joints require precise selection range of input or process
parameters. Laser power, welding speed, beam diameter and pulse width are generally
applied as laser welding process parameters where depth of penetration, bead width, ultimate
tensile strength, yield strength, elongation and young’s modulus are required response
parameters to identify the quality of welding. So, for accruing high quality strength joints we
have to identify optimum process parameters. In experimental way if we try to recognize this

optimum range then we have to complete a very large number of experiments which will be



very expensive and time consuming as well. Due to this reason in present research we
decided to develop a three-dimensional finite element model utilizing COMSOL
MULTIPHYSICS® for laser welding simulation from which we can get idea of proper range

of process parameters.

At first, we developed an isotropic model for laser welding including phase change with
physical and temperature depended thermal properties of material. We applied power,
welding speed and beam diameter as input. Symmetry was taken into account throughout the
surface of the welding orientation. In order to choose the right quantity of components, a
series of convergence trials were carried out, paying special attention to the depth axis along
with regions adjacent to the weld alignment. Extremely condensed mesh was produced
around the area close to the weld line, and coarse mesh was proposed around the left-over
area. As output we are restricted to achieve only depth of penetration, bead width and
temperature distribution from the simulation model. Mechanical characterization is not
possible from the model. We have then validated those outputs with published results to
check its adequacy and noticed that this method provides acceptable match though not
exactly identical. Now based on this process we simulated quite a large number of welding to
get a safe operating window and optimum process parameters, based on which we can go
ahead for experimental investigation. But in actual, thermal properties are not consistent with
elevated temperature in each direction, so isotropic simulation process needs to upgrade into
anisotropic process. We have followed the anisotropic approach for simulation model and

done some welding experiments to validate the results.

As we stated above that only depth of penetration and bead width can be measured from
model, so we compared these two responses and found better match against isotropic model.
With the help of optical microscope, we measured depth and width of fusion zone,
additionally we identified the heat affected zone. For better realization of weld, base and
HAZ zone we utilized scanning electron microscope, from where we understood the grain
orientation and grain size variations at different zone. Welding quality cannot be only defined
by depth of penetration and bead width without mechanical characterization. So, we decided
to go for mechanical characterization of those few welded sample along with base metal by
doing tensile test and hardness test. Here we noticed that hardness is very high at weld zone
where after welding base zone hardness remain unchanged regarding base metal and HAZ

has very low hardness value. But for tensile test we found that base material offers higher

\



ultimate tensile strength and elongation than welded materials. So, a clear mechanical

property degradation was noticed.

Only depth of penetration and bead width are not sufficient at all to provide good quality
weld until it offers satisfactory strength. So still there are some requirements to upgrade the
present simulation model. So far for both simulation process we only consider isotropic and
anisotropic approach but it is obvious to consider fluid flow as in reality there is a situation
molten metals flows, so to achieve accurate simulation it is required to include the CFD in
finite element method. Three numerical models are developed considering the flow in the
molten pool to be laminar in the first model and turbulent in the two other models. We
measured depth and width from these three CFD model and validate with experimented one.
We found a turbulent model provide best match to the experimented result so far against
isotropic and anisotropic model. Although we were still unable to found the strength of joints
from this CFD model so we decided to do a bunch of experimental welding investigation to
check depth of penetration, bead width along with ultimate tensile strength and elongation
taken into account. And depending on the experimental result we create a design matrix to
analyse response parameters by developing mathematical corelation between process and
response parameters to predict future responses with another set of process parameters. Also,
we upgrade the optimization model with taking into account depth of penetration, bead width
along with ultimate tensile strength and elongation and found optimum process parameters
which can deliver maximum ultimate strength and elongation with maximum penetration and
minimum bead width. Considering weld response parameters like depth of penetration, bead
width along with mechanical properties like ultimate tensile strength and elongation is

appraisable to identify the optimum weld conditions under laser welding process.

Vi
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1.1. Introduction

A focused stream of coherent, monochromatic energy imposing at the junction generates
heat resulting in amalgamation of the components during a technique of joining is classified
as laser beam welding (LBW). The illumination from the laser is concentrated on extremely
narrow area in order to have superior energy intensity, over those components being worked
on during the LBM procedure employing ether reflecting focal equipment or lens after being
transmitted via convex ocular devices, like reflectors. This acts as a non-contact approach so;
zero compression needs to be used. In order to avoid molten pool from oxidizing, inert gas
shielding can be utilized and metallic fillers are infrequently utilized in Laser beam welding
process. The neodymium (Nd) atom as well as molecular CO; respectively, serve as the key
components that are often utilized in both types of lasers, those are Nd:YAG laser and CO>
laser, that have been most regularly applied to manufacturing preparation and welding
jobs. The schematic for laser welding is shown in Figure 1.1.

Figure 1.1 Schematic diagram of laser welding
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Quite a few kinds of laser welding joints are available to bring both materials organized to
join like; butt joint, lap joint, T-joint etc. Figure 1.2 shows the different joints which are used
in many industries.

1.1.1. Butt Joint

The components join together along their edges forming a co-planar surface during butt
welding. If the components are joined properly inside the depth in the base material, fully
penetrated butt welds take place. That is achievable to complete welding penetration on thin
pieces. Boundary pretreatment is often needed with more opaque pieces to acquire
satisfactory welding.

1.1.2. Lap Joint

The lap joint is made up with a pair of components that overlap with each other. The
individual pieces are welded together after being overlapped to create this. Single transverse,
double transverse, or parallel fillet joints are the three possible configurations.

1.1.3. T-Joint

In a T-joint, each part forms roughly a letter shaped "T" with another joint, at right angle.
Once both components cross over 90 degrees, the sides of the surface or component's
centroid are brought alongside one another, creating a T-shaped connection. T-Joints have
been created when a pipe or tube is welded to a base structure which is classified as some
kind of fillet weld. To guarantee adequate permeation beneath the weld's surface, additional

attention must be taken.

Laser beam
Laser beam
Laser beam

\ |~ wotkpiece
workpiece ’
wotkpiece wotkpiece
wotkpiece

wotkpiece
(a) (b) (©

Figure 1.2 Different kinds of weld joint: a) butt joint, b) lap joint, ¢) T-joint.

Laser welding method is preferred over other conventional welding techniques due to some
beneficial properties of the laser beam as well as laser welding process. The relative

advantages and limitations of Laser welding process are discussed below:
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1.1.4. Advantages of Laser Welding

1.15.

A number of advantages over TIG, MIG, and spot welding are provided by the laser
beam's ability to be controlled precisely.

1. The laser weld has a greater tenacity as well as a good depth-to-width ratio since it
forms narrower width.

2. Limitation of the heat-affected zone and fast cooldown prevent annealing of the
adjacent substance.

3. Carbon steel, high-strength steel, stainless steel, titanium, aluminum, and high-
value alloys along with diverse components can all be satisfactorily welded together
by lasers.

4. Precise micro-welding of tiny elements is possible due to the laser's narrow and
precisely regulated output.

5. It causes minimum shrinkage or distortion of the components.

6. There exist no direct interaction among the substance with the laser head.

7. Laser welding, which requires accessibility to a single direction, may substitute
spot welding.

8.The amount of trash created by laser welding is manageable yet minimal.
Restrictions of the Laser Welding Process

1. It’s necessary to precisely place junctions beneath the beam and in relation to the
beam's focus point.

2. The weld joints are mechanically clamped; it is imperative to guarantee that the
joint's ultimate location aligns precisely with the spot where the beam impinges.

3. The highest joint thickness that a laser beam may weld is considerably constrained.
It is therefore challenging to weld through weld penetrations bigger than 19 mm.

4. Materials having high heat conductivity and reflectivity, such as Al and Cu alloys,
may not be as easily welded with lasers.

5. When performing moderate to high power laser welding, it is necessary to use a
suitable plasma control equipment to assure the reproducibility of the weld.

6. The energy conversion efficiency of lasers is often low, typically less than 10%.

7. Because of the LBM's quick solidification properties, some weld porosity and

brittleness are to be expected.
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1.1.6. Modes of Laser Welding

A high-power density source, the laser beam offers a special welding ability that maximizes
penetration while requiring the least amount of heat input. The material is heated by the
powerful laser beam quickly, usually in milliseconds, forming the weld. According to the
power density inside the focus spot size, there are three different sorts of welds:

penetration/keyhole mode, transition mode, and conduction mode.

1.1.6.1. Conduction mode

The process of conduction mode welding produces a broad but minimal depth weld nugget
at low energy densities, usually 0.5 MW/cm?. Heat from the irradiated surface conduction
provides the heat needed to generate the weld into the substance. When there is a possibility
of particle infiltration, as in some battery sealing applications, or when an aesthetically
pleasing weld is required, this can generally be utilized. Figure 1.3 displays the conduction

mode welding schematic diagram.

Haz molten pool
T

Figure 1.3 Conduction mode welding

1.1.6.2. Transition mode

By virtue of the formation of the "keyhole,” transition mode, which happens at a medium
power density of around 1 MW/cm?, allows for more penetration than conduction mode. A
vapor pressure sustains the keyhole's diameter, which is significantly less than the weld
width, resisting the pulling power of the adjacent molten matter. The keyhole is a column of
vaporized metal that penetrates into the substance. Time and power density govern how deep
the keyhole goes into the substance. The keyhole serves as a channel to transfer laser power
into the substance because of its low optical density. The schematic diagram for transition

mode welding is displayed in Figure 1.4.
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HAZ
molien pool

Figure 1.4 Transition mode welding

Conduction welding can be conceptualized as a point source of heating from the surface, but
the keyhole offers a more efficient welding source by acting as a line source of heating from
within the metal. In transition mode, the time or power density is just enough to start a
keyhole in the part, but not to get very far into it. With a normal weld aspect ratio
(depth/width) of approximately 1, the welds show shallow penetration as a result. Pulsed Nd:
YAG and fiber lasers are the only sources of this type of welding employed in numerous spot

and low heat input seam welding applications.

1.1.6.3. Keyhole or penetration mode

The weld transitions to keyhole mode, which is characterized by deep narrow welds with
an aspect ratio larger than 1.5, when the peak power density is increased beyond 1.5MW/cm?.
When the peak power density exceeds 1 MW/cm?, the penetration depth grows quickly,
switching the weld mode from conduction to keyhole/penetration welding.

The narrow welds found in penetration or keyhole mode welding typify the process. By
delivering laser power directly into the material, component distortion and the heat-affected
zone are reduced while weld depth is maximized and heat input is minimized. Either
extremely high speeds (over 500 mm or 20 inches per second) with small penetration (usually
less than 0.5 mm or 0.02 inch) or lower speeds (deep penetration up to 12 mm or 0.5 inch)
can be used to perform the weld in this keyhole mode. Figure 1.5 shows the schematic

diagram of keyhole / penetration mode welding.
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HAZ molten pool
= P

Figure 1.5 Keyhole / Penetration mode welding

1.2. Proposed Research Work

Considering relative advantages and limitation of different modes of laser welding, keyhole
mode welding against other modes of welding is more desirable to acquire complete welding.
The present work proposes to explore laser welding of duplex 2205 stainless steel through
numerical and experimental methods for optimization of process parameters. Laser welding
can be accomplished with comparatively lesser amount of heat and the heat can be delivered
through a smaller and precise beam resulting in less residual deformation and a deeper
penetration which helps in achieving a higher weld strength, a smaller bead width with better
aesthetics, as well as a narrow heat affected zone (HAZ) such that lesser amount is affected
due to thermal degradation process. Such advantages of laser welding offer a promising route
for welding compared to other welding techniques. Selection of 2205 duplex stainless steel is
because its unique properties which should be explored much. The family of stainless steels
known as duplex stainless steels (DSS) has a dual microstructure made up of roughly
equivalent amounts of austenite and ferrite phases. This microstructure maintains equilibrium
and provides an excellent amount of mechanical strength and ductility along with corrosion
resistance, rendering DSS a popular choice for pipelines, handling high pressure and
corrosive fluids. Besides, mechanical and chemical properties are being stable in elevated
temperature. As it is predictable to reach very high temperature in welding process, the
consistency of properties on such high heat is desirable. Application of the Duplex stainless-
steel finds use in diverse fields, such as automotive industries, process industries, aerospace,
marine and fabrication industries.

Laser welding process requires to control some process parameters to achieve some response
parameters. It is known that a welding will be defined as satisfactory or acceptable only if it

can offer quite high strength in joints. To ensure higher strength in joints we have to aim
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maximum penetration of heat into the material as well as minimum bead width so that heat
affected zone can be minimal. A large area of heat affected zone can rise brittleness of weld
materials. Higher strength weld joints require precise selection range of input or process
parameters. Laser power, welding speed, beam diameter and pulse width are generally
applied as laser welding process parameters where depth of penetration, bead width, ultimate
tensile strength, yield strength, elongation and young’s modulus are required response
parameters to identify the quality of welding. So, for accruing high quality strength joints we
have to identify optimum process parameters. In experimental way if we try to recognize this
optimum range then we have to complete a very large number of experiments which will be
very expensive and time consuming as well. Due to this reason in present research, it is
planned to develop a three-dimensional finite element model for laser welding simulation
results from which will be compared with experimental results and then process parameters

will be optimized using both the experimental and simulated results.

At first, an isotropic model for laser welding is developed including phase change with
physical and temperature dependent thermal properties of material. Applied power, welding
speed and beam diameter are given as input. Symmetry was maintained throughout the
surface of the welding orientation. In order to choose the right quantity of components, a
series of convergence trials were carried out, paying special attention to the depth axis along
with regions adjacent to the weld alignment. Extremely condensed mesh was produced
around the area close to the weld line, and coarse mesh was proposed around the left-over
area. For assessing the quality of weld, it is restricted to consider only the depth of
penetration, bead width and temperature distribution as obtained from the simulation model.
Assessment based on Mechanical characterization is not possible from the model. Then those
outputs are validated with published results to check its adequacy and it is observed that this
method provides acceptable match though not exactly identical. Now based on this process
we simulated quite a large number of welding to get a safe operating window and optimum
process parameters, based on which we can go ahead for experimental investigation. But in
actual, thermal properties are not consistent with elevated temperature in each direction, so
isotropic simulation process needs to upgrade into anisotropic process. To overcome the
limitation anisotropic approach is implemented in simulation model and compared with

experimental observations.
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As stated above that only depth of penetration and bead width can be measured from model,
so we compared these two responses and found better match against isotropic model. With
the help of optical microscope, we measured depth and width of fusion zone, additionally we
identified the heat affected zone. For better realization of weld, base and HAZ zone we
utilized scanning electron microscope, from where we understood the grain orientation and
grain size variations at different zone. Welding quality can not be only defined by depth of
penetration and bead width but it also needs to ensure required mechanical properties. So, we
decided to go for mechanical characterization of those few welded sample along with base
metal by doing tensile test and hardness test. Here we noticed that hardness is very high at
weld zone where after welding base zone hardness remain unchanged regarding base metal
and HAZ has very low hardness value. But for tensile test we found that base material offers
higher ultimate tensile strength and elongation than welded materials. So, a clear mechanical
property degradation was noticed.

Only depth of penetration and bead width are not sufficient at all to provide good quality
weld until it offers satisfactory strength. So still there are some requirements to upgrade the
present simulation model. So far for both simulation process we only consider isotropic and
anisotropic approach but it is obvious to consider fluid flow as in reality there is a situation
molten metals flows, so to achieve accurate simulation it is required to include the CFD in
finite element method. Three numerical models are developed considering the flow in the
molten pool to be laminar in the first model and turbulent in the two other models. We
obtained depth of penetration and bead width from these three CFD model and compared
with experimented one. We found a turbulent model provide best match to the experimental
results so far against isotropic and anisotropic model. Although we were still unable to find
the strength of joints from this CFD model so we decided to carry out a bunch of
experimental welding investigation to check depth of penetration, bead width along with
ultimate tensile strength and elongation taken into account. And depending on the
experimental result we create a design matrix to analyse response parameters by developing
mathematical corelation between process and response parameters to predict future responses
with another set of process parameters. Also, we upgrade the optimization model taking into
account depth of penetration, bead width along with ultimate tensile strength and elongation
and found optimum process parameters which can deliver maximum ultimate strength and

elongation with maximum penetration and minimum bead width. Considering weld response
9
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parameters like depth of penetration, bead width along with mechanical properties like
ultimate tensile strength and elongation is appraisable to identify the optimum weld

conditions under laser welding process.

1.3. Brief Literature Survey

A number of attempts have been made to simulate laser welding process using numerical
methods and experimental study with design of experiments (DOE) techniques. Sathiya et al.
[1] described an investigation conducted on the process of 3.5 kW cooled slab laser welding,
using various shielding gases, specifically argon, helium, and nitrogen, with a consistent flow
rate, of 904 L super austenitic stainless steel. Mechanical characteristics were precise to
achieve favourable responses such as bead width (BW), depth of penetration (DOP) and the
tensile strength, to ensure good quality joints and Taguchi approach with grey relational
analysis was employed as a statistical design of experiment (DOE) technique to optimize the
welding conditions alongside in order to verify the improved variables in each case,
affirmation tests also carried out.

Frewin and Scott [2] introduced a finite element model in three dimensions that
depicts the heat flow during pulsed laser beam welding. These findings imply that the laser
beam's energy distribution and absorptivity have a significant influence on the temperature
profile and weld proportions. De et al. [3] offered a two-dimensional axisymmetric finite
element study of the heat flow during laser spot welding, accounting for the latent heat of
transformations and the temperature dependence of physical characteristics. They claim that
an accurate estimation of the weld pool dimensions has been accomplished utilizing the
established method. Benyounis and Olabi [4] furnished a thorough analysis of optimization
methods for obtaining the geometry of the weld beads. Ming et al. [5] created a dynamic
simulation of the temperature distribution during 304 stainless steel laser welding. Anawa
and Olabi [6] optimized the welding pool of dissimilar laser welded components using
Taguchi method. Their results indicate that the developed models can predict the fusion zone
and shape satisfactorily. Abderrazak et al. [7] utilized both technigques such as experimental
and finite volume method as a means of studying the thermal processes that occur during
continuous laser keyhole welding. It has been discovered that the dimension and shape of the
molten pool within the workpiece are influenced by welding parameters, such as laser power
and welding speed. Belhadja et al. [8] developed employing a three-dimensional finite

element model to replicate the thermal evolution of alloys based on magnesium using laser
10
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beam welding. Moreover, they have conducted experimental studies to validate the results of
numerical simulation and those are found to be in good agreement.

Abhilash and Sathiya [9] investigated effect of the laser power, welding speed and focal point
position on bead geometry and proposed that FEM can be a useful technique for bead
geometry prediction during laser welding at minimal heat input intensities. Batahgy et al.
[10] examined the impact of laser process parameters on the duplex stainless steel's
mechanical, corrosion, and fusion zone microstructure as well as dimension. The researchers
have arrived at the conclusion that in order to achieve welded joints with mechanical and
corrosion qualities that are suitable, it's necessary to optimize the laser power, welding speed,
defocusing location, and kind of shielding gas composition. Kumar et al. [11] performed a
numerical investigation on transient temperature profile of laser beam welding process of
titanium alloy taking into account the entire double-ellipsoidal heat source model for the
transient and stationary heat sources. It was noticed when beam power improves so does the
maximum temperature in the fusion region. Furthermore, the laser beam's power has a
significant impact on the of heat affected zone. Akbari et al. [12] compared both
computational and experimental methods, the titanium alloy laser welding process is
investigated to simulate the temperature distribution and forecast the heat-affected zone. They
discovered that penetration depth rises at steady pulse length, pulse frequency, and pulse
power for reduced welding speeds. Azizpour et al. [13] simulated laser welding process of
Ti6AI4V 1.7 mm sheets in butt joint through finite element analysis to predict the
temperature distribution, hardness and weld geometry. They observed that hardness at the
center of the weld pool is maximum and higher laser speeds caused more variation in
hardness between the weld pool and base metal. Kumar [14] developed a three-dimensional
finite element model for AISI 316L stainless steel sheets that are 2 mm thick utilizing a
pulsed laser beam employing COMSOL MULTIPHYSICS. For AISI 316L stainless steel
sheets, they forecasted the highest and lowest temperatures that would occur throughout laser
welding.

Acherjee et al. [15] looked into how carbon black affects the weld morphology and
distribution of temperatures during laser transmission welding of polymers employing a
transient numerical model by ANSYS that is based on conduction mode heat transfer. A
reasonable level of agreement is revealed while they experimentally and numerically

computed the weld pool dimensions results. The obtained results demonstrate that the
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creation of the weld pool shape and the temperature field distribution are significantly
influenced by the carbon black. Daha et al. [16] analysed the temperature field resulting from
keyhole plasma arc welding (PAW) of 2205 duplex stainless steel and estimated the weld
geometry using a three-dimensional thermal transient finite element model. Daneshkhah et al.
[17] investigated the form of the molten pool and temperature field throughout laser keyhole
welding employing a three-dimensional numerical model utilizing FLUENT software. To
account for the latent heat during melting and solidification, the enthalpy-porosity approach
was utilized. Marimuthu et al. [18] conducts a sequentially linked thermo-structural
multiphase analysis with the aim of forecasting how laser settings would affect the weld
bead's surface topological change and how that would affect the structural qualities that
followed. Bannach [19] described that COMSOL Multiphysics and the Heat Transfer
Module provide a customized platform that enables the use of the Apparent Heat Capacity
method for representing phase transitions from solid to liquid, liquid to solid, or solid to
solid. In every substance, a maximum of five phase changes are permitted. Shanmugam et
al. [20] investigated how input variables affected the depth of penetration, bead width, length,
and bead length in laser spot welding of 2.5 mm thick AISI 304 stainless steel sheet. The
computational modeling outcomes, when validated against experimental findings that
demonstrated good acceptance, forecast the form of the weld beads for various variations of
laser process parameters. Utilizing design of experiments (DoE) and finite element analysis
(FEA) methods, Acherjee et al. [21] conducted a methodical inquiry by executing sensitivity
analysis into the laser transmission contour welding process to check the influence of various
levels of a random parameter on a certain depending parameter. The book of Montgomery
[22] delivers a brief knowledge about design of experiment, analysis procedures and about
different experimental approaches along with statistical relationship among process and
response parameters. Yang et al. [23] examined how welding heat inputs influenced the
microstructure and corrosion characteristics of the heat-affected zone in 2205 duplex stainless
steels. The researchers discovered that the expansion of intragranular, widmanstatten, and
coarsening of grain boundary austenite all triggered an upsurge in the restructured austenite
content, which improved lower-temperature toughness and had an impact on the corrosion
phase. Pekkarinen et al. [24] objectively identified the microstructural alterations that ferritic
and duplex stainless steels undergo when the welding conditions regulate the heat input

without the use of shielding gas and also, they located and investigated microstructural
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alterations in welds, employing optical metallographic techniques. Soltysiak [25] reported on
the fatigue testing performed on duplex 2205 steel laser-welded butt joints along with base
material using a Nd-YAG disk laser with no filler for two distinct welding parameters. The
ideal laser welding parameters for fatigue life of duplex 2205 steel were determined based on
the results of the testing. Yang et al. [26] used pulsed Nd:YAG laser welding to examine the
characteristics and welding process of 2205 duplex stainless steel and defines welds
underwent tests for tensile strength, surface microhardness, surface topography, and
microstructures at varying welding speeds, input currents, pulse widths, frequencies, and
defocus distances and demonstrated that the amount of ferrite and austenite in the welds was
approximately the same and under certain conditions, the weldability was good. Soltysiak et
al. [27] described fatigue tests on laser butt welded DUPLEX 2205 steel joints employing a
Nd-YAG disk laser without filler for two welding conditions. Previous testing on weld joints,
having a minimum of ten welding conditions, determined the parameters. The testing
determined the best fatigue life conditions of laser welding DUPLEX 2205 steel. Hosseini et
al. [28] examined how heat input and repeated welding cycles influenced the microstructure
of the heat-affected zone when 2507 super duplex stainless steel was TIG welded. In a study
conducted by Zhang et al. [29], the microstructure, impact toughness, and pitting corrosion
resistance of duplex stainless steel welding joints made using fluxed cored arc welding and
gas tungsten arc welding with various shielding gas compositions were examined. They have
discovered that when plates are exposed to N2-supplemented shielding gas during the
welding process, their impact toughness and pitting resistance enhance. The effect of heat
input on mechanical properties such as microhardness, toughness, joint strength, and
metallurgical and corrosion characterization of UNS S31803 duplex stainless steel in solid
state continuous drive friction welding was investigated by Asif et al. [30]. They have noted
that the welded samples do not contain any intermetallic phases. Moreover, toughness
decreases with an increase in the heat input at room temperature. Micro hardness and
Corrosion resistance increases with an increase in heat input. Capello et al. [31] studied the
enhancement of laser weldability of a type 22Cr_5Ni_ 3Mo (UNS S32205) duplex steel.
They have demonstrated that by an optimized choosing the post-weld surface treatment laser
settings, it is possible to attain a good structural control of the weld bead microstructure.
Safdar et al. [32] utilized Computational Modeling to evaluate the isotropic and anisotropic

improved thermal conductivity techniques for laser melting of Inconel 718. Experimental
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melt pool geometry has been comparable to modeling. Anisotropic enhanced thermal
conductivity correlates closely to experimental results, while isotropic enhanced thermal
conductivity cannot reliably estimate melt pool geometry. Badji et al. [33] examined the
phase changes and mechanical behaviour of 2205 duplex stainless steel throughout welding
and the annealing process. Mourada et al. [34] conducted a comparable analysis of the effects
of carbon dioxide laser beam welding (LBW) and gas tungsten arc welding (GTAW)
regarding the microstructure and size of the fusion zone, along with the mechanical and
corrosion properties of 6.4 mm thick duplex stainless steel DSS grade 2205 plates.
Mirshekari et al. [35] conducted comparison research on the laser welding of NiTi wire to
AISI 304 austenitic stainless-steel wire alongside its own. According to the research's
findings, the development of brittle intermetallic compounds in the weld zone throughout
dissimilar laser welding of NiTi to AISI 304 leads in a considerable drop in tensile strength
and ductility. Furthermore, researchers proposed for the enhancement of the joint
characteristics necessitates an adequate modifying technique. Jia et al. [36] offered a
thorough analysis of the dissimilar joints between the DP600 and DP980 using a focused and
defocused fibre laser beam. The primary crucial factor in determining the penetration depth is
the proportion of pulse energy to pulse duration, determined by Akman et al. [37] from their
experimental study on laser welding of thick titanium alloy. Kashaev et al. [38] explored the
joining techniques for Ti-6Al-4V butt joints and T-joints using a filler wire that is suitable
with alloys. Moreover, they conducted further surveys examining the mechanical
characteristics, microstructure, and weld morphology for achieving joints with regular shape,
without visible cracks, pores and geometrical defects. According to their findings, base metal
joints are less ductile with lower joint strength compared to butt and T-joints. Lei et al. [39]
evaluated the mechanical and microstructure characteristics of the Ti-22AI-27Nb alloy laser
beam welded joints. The findings demonstrate that ductility of joints reached 56% of the base
metal, and the joint strength at room temperature is on par with those of the base metal.
Adjacently, joint strength and ductility of weld joints at elevated temperature is not close to
that of the base material. Shanmugarajan et al. [40] studied the effects of laser welding on 6
mm thick P92 material (Cr-Mo-W-V-Nb steel) on metallurgical characteristics following a
three-hour post-weld heat treatment at 760 °C and on mechanical properties at ambient
temperature and elevated temperatures. They have observed that good fusion with full

penetration without any weld defect and no coarse-grained heat affected zone is formed.
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Moreover, higher micro hardness is observed at fusion and heat affected zone than base
material. Artinov et al. [41] presented a CFD modelling for the prediction of the 3-D transient
temperature field for full-penetration keyhole laser welding considering the effect of thermo-
capillary and natural convection. Bachmann et al. [42] created the computational framework
for turbulent steady state in three dimensions, to examine the impact of a static magnetic field
through incomplete penetration high power laser keyhole welding of thick aluminium
substrates. According to their suggestion, the impact of Marangoni stresses at the upper
surface is notably reduced by the produced magnetic drag element. Courtois et al. [43]
developed a heat and fluid flow model to research the primary physical processes involved in
the formation of the keyhole. In their model, they have analysed the velocity of fluid in the
molten pool and its free surface deformation. Zhao et al. [44] studied the keyhole and molten
pool behaviour such as development of keyhole and molten pool, oscillation of keyhole and
molten pool, forces of interaction of fluid dynamics in the keyhole and molten pool and
keyhole-induced porosities using their developed CFD model. They have found that the
molten pool's depth stays constant while the keyhole height varies periodically during
continuous laser welding. They observed that bubbles form at the bottom of the molten pool
when the keyhole depth decreases suddenly, which is the main cause of porosity defect. Ai et
al. [45] proposed a novel three-dimensional model considering all welding process
phenomena to simulate the process of formation of the weld bead and predict its full size.
They have clearly demonstrated because of the buoyancy force created by the temperature
difference and recoil pressure in the back of the keyhole, the colliding fluid flow forms the
weld strengthening. In their following work [46], they have investigated the features of the
weld shapes in the fiber laser keyhole welding. The top surface of the weld is assumed as the
flat surface; hence weld reinforcement is ignored in their model. Their results showed that
suggested approach for fibre laser keyhole welding performs exceptionally well when it
comes to weld bead attributes study. Kooa et al. [47] proposed a numerical model to
understand the evolution of hourglass shaped melt pool during laser welding. Recoil pressure
and melt surface tension are two factors which have been thought to be important in
developing hourglass-shaped welds, as demonstrated by their ultimate weld morphologies.
Gao et al. [48] developed a 3-D numerical model explore the change of the weld bead shape
in high power laser welding while taking the fluctuating characteristics of the molten pool

and keyhole into consideration. According to their suggestions, the key elements influencing
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the alteration of the weld bead shape are the fluid flow, temperature field, and mechanical
balance over the molten pool. Ramkumar et al. [49] discussed the electron beam welding
(EBW) technique's capacity to weld 6 mm thick super-duplex stainless-steel plates. A
thorough structure-property relationship study was performed as well using point and line
mapping EDAX analysis throughout the weldment. Saravanan et al. [50] investigated the
weldability of super duplex stainless steel UNS S32750 (SDSS) utilizing a 600W pulsed
Nd:YAG laser welding system. The procedure was carried out by changing the welding speed
while maintaining the same additional variables in order to adjust the heat input. Because of
the increased ferritic phase in the weld zone, weld joints have superior Vickers microhardness
and tensile strength compared to PWHT joints. Sato et al. [51] examined the mechanical
characteristics and microstructure of SAF 2507 super duplex stainless steel that was friction
stir (FS) welded. Utilizing a polycrystalline cubic boron nitride (PCBN) tool and friction stir
welding (FSW), high-quality, full-penetration welds have been achieved in the super duplex
stainless steel. The transverse tensile specimen, that was welded, disintegrated around close
proximity of the retreated side's stir domain and TMAZ boundary because the weld's
characteristics were similar to those of the base material. Luchtenberg et al. [52] examined
the DSS weld overlaying characteristics that were acquired by coating a mild steel plate
(ASTM A 516 Gr 60) with the duplex stainless steel alloy ER 2209. Pavan et al. [53]
conducted a comprehensive investigation on the microstructure and mechanical behaviour of
11 mm thick type 316LN stainless steel joints that are welded using a combination of laser
and metal inert gas. They found that the position of the laser and arc source have a significant
impact on the depth of penetration, and that the mechanical properties of the weld joint are
primarily affected by the &-ferrite content, secondary dendrite arm spacing, and variation in
zone-wise micro-segregation. Karimi et al. [54] studied the effects of fiber laser welding
parameters determined by the reactions of the melt pool's hardness, depth, microstructure,
temperature, and tensile strength. The highest tensile strength of 500 MPa and 18%
elongation are attained at the laser power of 400 W, welding speed of 300 mm/min at the
focus point. Researchers concluded as the most significant influences on the tensile strength
of the weld are the scanning speed and absorbent power of the laser. Madhankumar et al. [55]
focused on the effects of process parameters on the ultimate tensile strength of dissimilar
metals, specifically Inconel 718 alloy and duplex 2205 stainless steel. They found that the

laser power is the most prominent factor affecting the output response of the ultimate tensile
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strength, followed by the focal location and welding speed. Ahmad et al. [56] performed
Ytterbium fiber laser welding on superalloy Inconel 625 and duplex stainless steel 2205 at
different heat inputs. They discovered that heat input is a highly influential parameter
affecting the bead shape, with higher energy input resulting in top glass shape and X-shape
bead, and lower energy input resulting in V-shape bead formation. Kose and Topal [57]
investigated the impact of heat input and post-weld heat treatment over mechanical, surface,
texture, and microstructure characteristics. They discovered that toughness values rose but
tensile strength, hardness, and bending force in the welded samples dropped with increasing
heat input. Mansur et al. [58] studied the applicability of laser welding in dual phase 600 steel
sheets and examined the mechanical properties of the welded sample through metallographic
analysis, microhardness, tensile tests, and erichsen cupping tests. Kumar and Sinha [59]
focused on the effects of heat input on weld bead shape, fusion zone width, heat-affected
zone width, and fusion zone area, and found that an increase in heat input resulted in an
increase in fusion zone area, fusion zone width, HAZ width, and the size of micropores,
while the average microhardness of the fusion zone decreased. Ahmad et al. [60] studied the
effects of the process parameters on molten weld-pool lifetime and cooling rate, as well as the
influence of cooling rate on hardness and tensile strength of Inconel 625 and 2205 duplex
steel. Benyounis et al. [61] explored AISI304 laser welded butt joints for their tensile and
impact strength as well as their joint operating cost utilizing Design-expert application to
create the design matrix, analyse the experimental data along with optimization of the
welding procedure. Sunny et al. [62] In this respect, the goal of the investigation is to
determine the ideal set of input process parameters for using A-TI1G welding to create 10 mm
thick junctions between SASS AISI 904L plates using bead on plate welding experiments.
Sun et al. [63] addressed the optimization of laser-MAG hybrid welding parameters for ship
steel with 10CrNi3MoV content utilizing the Box-Behnken Design (BBD) model inside
Response Surface Methodology (RSM). Heydari et al. [64] focused on laser welding of
Ti6AI4V alloy sheets, having a thickness of 3 mm, which were all subjected to rigorous
investigation for tensile strength, elongation, and temperature field of the fusion zone, on the
impact of input variables and to create multiple regression models, the laser welding
experiments were carried out using the RSM approach and central composite design. Cheepu
et al. [65] examined the fusion zone width, penetration, heat affected zone width, and

strength of the titanium alloy welds through the laser welding procedure. RSM approach is
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implemented for the experimental design for creating regression equations. The outcomes of
the RSM technique were verified by comparing them with the findings of the experiment.
Chellu et al. [66] aimed to achieve a high-quality butt joint on 2.5-mm thick 304 grade
stainless steel in the current research. Torabi and Kolahan [67] employed the Central
Composite Design matrix in Response Surface Methodology (RSM) to simulate and optimize
the process, fully replicating thirty-one trials. This was carried out using experimental data
from pulsed laser welding of thin AISI316L austenitic stainless-steel sheets, during which
Ultimate Tensile Strength (UTS) was measured to be the primary characteristics for a
superior laser welding. According to the numerical outcomes, it is evident that the suggested
simulation and optimization approaches work pretty effectively regarding the pulsed laser
welding method. Joyce et al. [68] demonstrated a computational modelling employing
COMSOL Multiphysics on a carbon black loaded PMMA (polymethyl-methacrylate) for
transient heat transfer and thermochemical impairment realization in an IR opaque
component. At the evaporation temperature, they suitably adjusted the thermal conductivity
and density of PMMA to record the disposal substance due to evaporation. Metais et al. [69]
attempted to analyze substance interaction throughout laser welding both experimentally and
numerically. In order to enhance comprehension of the convection-diffusion process-based
materials integrating in fully penetrated laser welding, a three-dimensional simulation of heat,
mass, and fluid flow has been carried out to generate a diagram of the component’s
arrangement and the geometry of the fusion zone.

It is found from literature survey that not much work has been done in the area of laser
welding of duplex stainless steel for different types of joints. Survey of the state of the art
also reveals that numerical simulation of laser welding of DSS has not been seen so far.
Numerical simulation of laser welding process is planned in the proposed work since it will
help us to explore the physics of the process to gain a better insight. Besides, since the
numerical tool is a cheaper alternative compared to experiments, it will help us to generate a
huge volume of data based on which we shall be able to develop reliable and accurate
mathematical relations to predict optimized process conditions. The optimized process
conditions, thus generated is planned to be validated with limited number of experiments

requiring less time and cost.
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1.4. Obijectives of Present research work

The present work proposes to

1.

Explore laser butt welding of duplex 2205 stainless steel through experimental and
numerical methods for optimization of process parameters.

Develop a three-dimensional numerical model using finite element method,
considering phase change through COMSOL MULTIPHYSICS and validated with
initially by published then inhouse experimental work.

Study the effects of Laser weld process parameters and geometric parameters on
temperature distribution at weld zone and bead geometry (depth of penetration and
width).

Development of mathematical model based on simulation results to predict response
parameters by using response surface methodology.

Optimization of process parameters based on multi-objective criteria.

Evaluation of mechanical properties (ultimate strength and elongation) by
experiments for welded joint with different laser weld inputs and to establish a
functional relationship between input and output along with optimization using
Response surface methodology.

Characterizing the strength of joints and the formation of bead geometry for post

processing of the experimental coupons.
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Research Project Flowchart
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2.1. Introduction

The present study deals with laser welding of duplex 2205 stainless steel considering
phase change, for butt joint developing three-dimensional modelling by finite element
method using COMSOL MULTIPHYSICS. At first, we model the system with isotropic
approach and followed conduction welding method. The temperature distribution can be
obtained from the heat conduction equation for a particular amount of power, welding speed,
beam diameter and material thickness of this particular material. Due to the nonlinearities
involved, analytical solution is ruled out. During the welding procedure applied energy or
heat makes a solid to liquid transition in metal, taking this into account a phase transition
function is involved in governing equations. Using temperature dependent properties such as
thermal conductivity and specific heat capacity along with latent heat we incorporate the
phase change. The depth of penetration and bead width in weld zone are measured as
response parameters. We also identified the maximum temperature on weld line as output.
The limitation of this model is the inability of mechanical characterizations but based on the
theory that full penetration or maximum penetration can provide higher strength in weld
joints and lower bead width includes narrower heat affected zone resulting in better weld
quality, it is possible to found a safe operating window for this process. The results obtained
from FE simulated welded joint are compared with results available with published papers.
After a convincing match we used that model to design a bunch of simulation and made a
design matrix to find out the optimum range of process parameters. A statistical technique is
applied to develop a mathematical model among process parameters such as, power, welding
speed and beam diameter, based on simulation results to predict response parameters such as,
bead width, depth of penetration and maximum temperature. Considering multi-objective

criterion optimization of process parameters were done.

2.2. Finite Element Modeling

In order to evaluate the impacts of the procedure variables on the temperature gradient
and bead geometry developed through laser buttwelding, we performed a three-
dimensional numerical simulation incorporating the finite element method. Schematic
representation of the geometry is shown in Figure 2.1 and Figure 2.2 shows the mesh pattern
that is used for discretizing the model. Input factors for the simulation of laser welding
include laser power, welding speed, and beam diameter, whereas response factors include
bead width, depth of penetration, and maximum temperature.
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2205 Duplex stainless steel sheets, each sized 100x20x1.5 mm, were chosen for laser
welding simulation process and carried out by using COMSOL 4.2a software with moving
energy origin in different velocities throughout the joining edge. In case of building the
model some physical parameters are used that are given in following Table 2.1.

Table 2.1 Physical parameters and their units [16]

Material Property Symbol | Value Unit
Ambient Temperature | To 300 K
Solidus Temperature | Ts 1658 K
Liquidus Temperature | T 1773 K
Latent heat of fusion | L¢ 500 kJ/kg
Emissivity & 0.7

Heat transfer | h 10 W/m2K
coefficient

Specific heat and thermal conductivity are two temperature-dependent thermal parameters
that define a material's temperature response. Table 2.2 presents the temperature dependent
physical properties of 2205 Duplex stainless steel those are used for the present FE
simulation [16]. Density of the material is taken as 7860 kg/m?®.

~

Figure.2.1 Schematic geometry of the symmetrical sample
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Figure.2.2 Mesh pattern used for discretizing the geometry

Table 2.2 Temperature dependent thermal properties of 2205 Duplex stainless steel [16]

Temperature Thermal conductivity Specific heat
(K) (W/m. K) (J/kg.K)
250 15 500
500 18 500
750 20 500
1000 25 600
1250 27.5 620
1500 30 700
1750 35 750
1950 45 850
2250 55 1000
2500 65 1250

In the welding direction along the plane, symmetry has been considered. In order to
accomplish the objectives of the research, this model's idealization is sufficient to depict the
issue [15]. Selecting an appropriate number of elements has involved a series of convergence
experiments, especially in the depth orientation along with the vicinity of the weld line. At
the zone near weld line a dense mesh has been developed and coarse mesh has been
considered for the remaining part. Total numbers of elements are 1,15,210. During the
simulation process maximum surface temperature exceeds the liquidus temperature and hence
the phase change has been considered. This phase change phenomenon has been done by
considering latent heat of fusion L: of the material. Following steps describe how this
property is used for phase change purpose:

An effortless switching among phases occurs near the phase change temperature, during the
period AT= TL - TS, when a phase transition function a (T) is implemented. A mushy zone
with heterogeneous material qualities exists throughout such timeframe. The shorter the time
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period, the transition should be sharper. There are distinct specifications for the material's
liquid and solid phases. To create a seamless crossover from solid to liquid, such parameters
are paired with the phase transition factor. It is possible to define the material's heat capacity
as [19]:

Cp= Cp, sotid- (1-a (T)) +Chp, tiquid. (o (T))

Similarly, for thermal conductivity and density of the material are expressed. For a pure solid,

® =0, and for a pure liquid, a (T) =

L™ 's L™ 's

S

a(T) = = 1. During the transition period,

properties of material are varying continuously. In the heat capacity, the latent heat is
involved through an additional term.

Integrating this function over AT gives 1 and multiplying by the latent heat L¢ gives the
amount of latent heat that is released over AT.

The Apparent Heat Capacity method uses the following expression for the heat capacity:

Ce= Cb,solic. (1-a. (T)) +Co.tiuic. (0t (T)) +Lf‘2—$

It is not necessary to know in advance where the phase interface appears, which is the benefit
of this technique. Every investigation is carried out utilizing the 2205 Duplex stainless steel's
temperature-dependent thermal characteristics.
The FE model is formulated with the following presumptions:
v' The initial temperature of the work piece is 293.15 K. The laser beam is movable and
the sheet material is fixed.
v' The distribution of laser intensity follows a Gaussian mode.
v' Material properties of the workpiece are isotropic
v' Heat is transferred within the work piece via conduction, which follows Fourier's law.
Heat loss occurs from the surfaces of the sheet metal to the surrounding air through
radiation and free convection.
v" During the simulation process maximum surface temperature exceeds the liquidus

temperature and hence the phase change has been considered.

2.2.1. Governing equation and boundary conditions

The transient temperature field (T) in time (t) and space (X, Y, z), in a heat transfer analysis, is

realized through explaining the subsequent equation:
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0 Jar, o or, o oT oT
5 kM=) +5(k(T)E) +—, kM=)+Q, =p(M)C (M) 1)

Here, k (T) is the thermal conductivity as a function of temperature inWm=K>, p (T) is the
density as a function of temperature in kg m=, Cp(T) is the specific heat as a function of
temperature in J kg K2, and Qy is the volumetric heat flux in W m,

The most commonly used heat sources of this kind have a Gaussian distribution. For
simulating an accurate energy transfer to the work piece, the volumetric heat source model

was utilized. The heat source that was employed in this investigation can be stated as [17,18]:

3P
Qv - Q(X’ yi Z) - mbd

3x° 3y? 3z°
exp(— 22 ) exp(- b_z) EXP(—d—z (2)

P is the total power of laser beam. The parameters a and b are taken to be equal to the radius
of the laser beam, d is the max depth. The material cooling phase is made through natural
convection and radiation from its surfaces exposed to ambient air.

The  convection  boundary  condition can  be  expressed as  follows:
eony = N(Ty =T,) 3)
Where, h is the heat transfer coefficient, which is taken as (10 W/m?K) [16], Tm is the sheet
metal surface temperature and To is the ambient temperature, which is taken as 300K.

The radiation boundary condition can be expressed as
follows:
Qrag = €0 (Tm _To)4 (4)

g is the emissivity (set as 0.7) [16] and o is the Stefan Boltzmann constant (5.6703x10
W/m2K*).

2.2.2. Validation of numerical model

Due to the high expenses of experimental laser welding process, at the beginning we decided
to validate this conduction welding model with published work.

() A simulation process is carried out for the analysis of 2205 Duplex stainless steel to obtain
the depth of penetration and bead width. In order to verify the efficacy of the present

simulation model, the outcomes are validated against the outcomes of Batahgy et al. [10].
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Table 2.3 Validation of Response parameter

RESPONSE PARAMETER

PROCESS From Simulation study From PERCENTAGE
PARAMETERS Experimental ERROR
study of
Batahgy et al

Laser | Welding Plate Depth | Width | Depth/ | Depth/Width f —f,

Power | speed | thickness | (mm) | (mm) | Width Ratio [ x100]
(kW) | (m/min) (mm) Ratio (fs) s

(f)
8 0.5 6.4 5.15 5 1.03 0.99 4.04

Figure 2.3 Justification of Weld geometry of bead cross section surface: (a) Present
Simulation Study, (b) Experimental study of Batahgy et al.

(I1) A simulation process is carried out for thermal analysis of AISI 304 stainless steel to

obtain the maximum temperature, depth of penetration and bead width. In order to verify the

efficacy of the present simulation model, the outcomes are validated against the outcomes of

Shanmugam et al. [20].

Table 2.4 Validation of Response parameters

PROCESS
PARAMETERS

From From Percentage
RESPONSE Present simulation error
simulation and f—f,
PARAMETERS | study | experimental | [ x100]
(fo) study of s
Shanmugam
et al.(fs)
Depth of
Penetration 1.99 1.98 0.51
(mm)
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Laser | Welding Plate Bead Width
Power speed thickness
(W) | (mm/min) (mm) (mm) 1.6 1.56 2.56
1000 750 2.5 Peak
Temperature 3016 3025 03
(°C)

Regarding the validation, the present model is quite acceptable, so we designed an
experimental matrix based on this simulation model and investigated the process parameters.
Through Design Expert 7.0 software statistical computations were accomplished, which is
employed as well to derive the final regression equation. In accordance with a central
composite design (CCD) comprising three components and five levels, the computational

architecture is created applying the response surface methodology.

2.3. Development of Mathematical Model

Depending on simulation results, to develop a safe operating window by optimizing process
parameters and to design a functional co-relationship among process and response parameters
so that we can predict future outcomes we used one of the statistical techniques named
Response surface methodology [21,22].

2.3.1. Response Surface Methodology

Response surface methodology is an array of statistical and mathematical methods which are
helpful in empirical modeling and optimization. Regression analysis and experimentation can
be used to create a model that predicts the answer for a few independent process parameters.
[21, 22]. Assuming that every variable is quantifiable, the response surface can be
represented in the following way:

y=f(X;, Xy, X5, X)) £

where y is the response, f is the function of response, & is the experimental error, and
(X;, X5, X3,.....X,) are independent parameters. In order to derive an approximative correlation
among a genuine response and the number of design variables using observable data within
the procedure or mechanism, the response surface methodology is applied through a series of
planned experiments. Responses to laser welding of 2205 Duplex stainless steel are gathered

numerically in the current research.
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2.3.2. Design matrix

The notation and units of process parameters (low and high levels) are listed in Table 2.6. A

central composite design matrix with three factors (laser power, welding speed and laser

beam diameter) and five levels (-a, -1, 0, +1, +a), is considered.

Table 2.5 Process parameters and their units and limits

Parameter Notation | Unit Low actual | High actual
Laser power P w 400 500
Welding speed \Y mm/min 500 750

Beam diameter D mm 0.7 1

The response surface method is employed to create the design matrix for attaining the

regression equations and to produce the statistical response plots. The numerical simulations

are carried out according to the design matrix and the maximum temperature and weld bead

dimensions as responses are listed in Table 2.6.

Table 2.6 Design layout and numerically calculated responses

Sl Process parameters Responses
No. | Power Speed Beam Bead Width DOP Maximum
[W] [mm/min] diameter [mm] [mm] Temperature [K]
[mm]
1 400 750 1 0.53 0.6 2052.99
2 450 625 0.85 0.66 0.83 2357.7
3 400 500 0.7 0.66 0.97 2434.31
4 400 500 1 0.71 0.79 2218.82
5 534.09 625 0.85 0.75 1.17 2553.91
6 450 835.22 0.85 0.55 0.71 2226.612
7 500 500 0.7 0.81 1.22 2691.4
8 400 750 0.7 0.5 0.74 2263.75
9 450 625 0.85 0.66 0.83 2357.7
10 450 625 0.85 0.66 0.83 2357.7
11 500 750 0.7 0.65 1 2525.6
12 | 365.91 625 0.85 0.5 0.67 2138.94
13 450 414.78 0.85 0.85 1.06 2517.814
14 450 625 0.85 0.66 0.83 2357.7
15 500 750 1 0.61 0.8 2279.2
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16 500 500 1 0.85 1 2458.64
17 450 625 11 0.68 0.74 2179.77
18 450 625 0.85 0.66 0.83 2357.7
19 450 625 0.6 0.61 0.96 2569.812
20 450 625 0.85 0.66 0.83 2357.7

2.4. Results and Discussion
2.4.1. Transient temperature field analysis

At laser power of 500 W, welding speed of 750 mm/min, spot diameter of 1 mm and plate
thickness of 1.5 mm, figure 2.4 shows the spot weld geometry of top surface when the laser
beam is at middle of the plate (i.e., 10 mm) and maximum temperature profile along weld
line. It is evident from the figure 2.4 (a) that throughout the initial heating phase, the
temperature on the top surface progressively rises and achieves a constant peak. Once the
laser beam approaches the plate's uppermost edge, the plate acquires its highest temperature.
From the figure 2.4 (b), it is seen that the maximum temperature of 2272.4 K has been
achieved at the center of laser beam and then it is gradually decreasing to 400 K. The
temperature distribution on the plate at four different time instances has been shown in Figure
2.5: (a) The times at which the laser beam is at the starting point of the plate (t = 0.1008 s),
the center of the plate (t = 0.8 s), the outermost boundary of the plate (t = 1.5008 s), and the
end of the plate (t = 15 s) are all included in the analysis. At the most distant position on the
weld line, a peak temperature of 2277 K is obtained while heating. The temperature continues
to decline within the range of 300 K to 407 K after 15 seconds.
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Figure 2.4: (a) Maximum temperature along the weld line and (b) Spot weld geometry of top
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surface when the laser beam is at middle of the plate (t=0.8s) (laser power = 500W, welding
speed = 750 mm/min, beam diameter = 1 mm, plate thickness = 1.5 mm)
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Figure 2.5 Temperature distribution at four instances: (a) beam is at the beginning, (b) beam
is at the middle, (c)beam is at the farthest edge, (c) after cooling (laser power = 500W,
welding speed = 750 mm/min, beam diameter = 1 mm, plate thickness = 1.5 mm)

The numerical simulations along the weld line at the middle i.e., 10 mm are carried out
according to the design layout for 20 numbers of experiments consisting the Maximum
temperature, bead width and depth of penetration as responses are tabulated in table 5.
Depending upon these results temperature distribution with time and along weld line for
different laser powers, beam diameters and welding speeds at the top edge of the upper
surface have been plotted, shown in figure 2.6 and 2.7. In figure 2.8 and 2.9, changes in
depth of penetration, bead width and maximum temperature with laser power, beam
diameter and welding speed have been shown.
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Figure.2.6 (a, b, c, d, e, f) : Temperature distribution with time for different laser powers,
beam diameters and welding speeds on the upper surface of the plate at the middle (10 mm)
along weld line

Figure 2.6 shows the temperature profile of the node at the upper surface of the plate at the
middle (10 mm) along weld line for different powers, beam diameter and welding speed
while other process parameters are kept constant. The figure 2.6(a) shows, higher temperature
is achieved with the increase of power because with the increase of power, applied heat input

to the material is increased, which is able to produce higher temperature.

Figure 2.6(b) and 2.6(c) shows the temperature profile for two different powers while beam
diameter is kept constant at 0.7 mm and welding speeds are kept at 500 mm/min and 750
mm/min respectively. Higher temperature is achieved with higher power but with higher
welding speed peak temperature decreases. From the figure 2.6(b) it is shown, when speed is
500 mm/min, peak temperatures are near 2600 K and 2400 K for 500 W and 400 W
respectively at 0.7 mm beam diameter. From figure 2.6(c) shows, when speed is 750 mm/min
peak temperatures are near 2500 K and 2300 K for 500 W and 400 W respectively at the
same beam diameter of 0.7 mm.

Figure 2.6(d) shows the peak temperature for different beam diameter while laser power and

welding speed are kept constant at 450 W and 625 mm/min respectively. Higher temperature
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is achieved with the decrease of beam diameter because with the decrease of beam diameter,
the applied heat flux increases, causing higher heat input to the material which produces

higher temperature.

Figures 2.6(e) and 2.6(f) show the peak temperature profile of the node at the upper surface
for different welding speed while beam diameter is kept constant at 1 mm and powers are
kept at 400 W and 500 W respectively. It is shown for fixed beam diameter and power the
time instant for peak temperature will be varied with the variation of welding speed. For
figure 2.6(e), peak temperatures are near 2100 K and 2300 K at time instants of 0.8 s and 1.2
s for welding speed of 750 mm/min and 500 mm/min respectively at 400 W power and 1 mm
beam diameter. For figure 2.6(f), peak temperatures are near 2300 K and 2500 K at time
instants of 0.8 s and 1.2 s for welding speed of 750 mm/min and 500 mm/min respectively at

500 W power and 1 mm beam diameter.

Figure 2.7 shows the maximum temperature of the top surface of the material along the weld
line for different power, beam diameter and welding speed while other process parameters are
kept constant. Figure 2.7(a) shows that with increase of power the maximum temperature

increases as applied heat input to the material increases.

It is evident from Figure 2.7(b) that with increase of welding speed maximum temperature
decreases. The reason behind this is higher welding speed reduces the interaction time

between applied heat source and material surface.

In Figure 2.7(c), we see that with the increase of beam diameter maximum temperature
decreases as higher beam diameter reduces the applied heat flux, resulting in decreased heat
input per unit area to the material. For different beam diameter and welding speed, figures
2.7(d) and 2.7(e) show that the maximum temperature decreases with the increase of beam

diameter and speed while the power is kept constant.
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Figure.2.7 (a, b, c, d, e): Maximum Temperature at the top surface of material with distance
along weld line for different laser powers, beam diameters and welding speeds

Figure 2.8(a), 2.8(b) and 2.8(c) show the effects of Laser power, Beam diameter and Welding
speed respectively on Bead width and Depth of penetration of welded material. From figure
2.8(a) it is revealed that bead with and depth of penetration both increases with increase of
power as heat input increases.

It is seen from figure 2.8(b) that with increase of beam diameter, bead with increases but
depth of penetration decreases as heat flux, increases along radial direction of laser beam but
decreases along thickness of material.

From figure 2.8(c) we can see that both bead width and depth of penetration decreases with
increase of welding speed as higher welding speed reduces the interaction time between

applied heat source and material resulting in decrease of heat input to the material.
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welding. Figure 2.9(a) shows temperature value increases with increase of power. It is

observed from figure 2.9(b) that temperature value decreases with increase of welding speed

and from figure 2.9(c) it is observed that temperature value decreases with increase of beam

diameter.
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2.4.2. Analysis of Variance (ANOVA)
ANOVA stands for Analysis of Variance. ANOVA technique and sequential f-test are

employed to check the adequacy of a model through Design Expert® 7.0 application to attain
the best-fit models.
The results from experiments are analyzed using ANOVA. The estimates and tests are
intended to evaluate population variance and mean hypotheses. Using an ANOVA, one can
divide the overall variation in a collection of data by multiple factors. To determine how the
source of variation affects the overall variance, it needs to be evaluated. Comparing means
when there are three or more has another usage for it.

Ho: all means are equal: p1 = p2=... uT.

Ha: not all means are equal: i # ;.
When the numerator and denominator degrees of freedom are appropriately specified at the

selected stage, the variance ratio that is expressed as F, is the ANOVA test statistic.

£ _ Among groups mean square _ MSGroup

~ Within groups mean square ~ MS Error

The null hypothesis is rejected when F has a large value. A minimal amount indicates that it
is not rejected. The ANOVA table includes sections labeled as mean squares (MS), sums of
squares (SS), and degrees of freedom (df). Total df=N- 1 (N, the total number of
observations), Group df = k — 1 (K, the total number of groups), Error df = N — k. The phrase
"error" expresses the variation between the population mean of each group and each
individual observation. Sum of Squares Total value (SStotal) represents all of the data's
variation. Variance of the estimated factor level mean from the overall mean is known as
SSaroup. SSerror IS the deviation of an observation from its corresponding factor level mean.

corresponding factor level mean. (
SSTotal=SSGroup*SSError

- yj =Mean of the observatio ns at the i th level of group
SSGroup:Zni( yi_y..)2 -
—_ = Mean of all observatio ns

S Error:Zz_(yij_yi)2 < g
] _ yij = Value of the jth observation at the i th level of group
SSTotal === (Yjj—?
i J

\
MSTotal =MSGroup*t*MSError

SSG SS
|\/|5GroupzﬁrOlJp , MSError :derror}
roup

Error
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2.4.2.1. Effect of Process parameters on the Bead Width

Table 2.7 ANOVA for Response Surface Quadratic Model of Bead Width

Source Sum of df Mean F-Value Prob>F
p-value
Squares Square
Model 0.19 9 0.021 151.06 <0.0001 | significant
P 0.065 1 0.065 464.42 < 0.0001
V 0.11 1 0.11 813.32 < 0.0001
D 2.863E-003 1 2.863E-003 20.53 0.0011
PV 4.500E-004 1 4.500E-004 3.23 0.1027
PD 8.000E-004 1 8.000E-004 5.74 0.0376
VD 1.250E-003 1 1.250E-003 8.96 0.0135
p? 1.611E-003 1 1.611E-003 11.55 0.0068
V2 3.663E-003 1 3.663E-003 26.27 0.0004
D? 1.768E-004 1 1.768E-004 1.27 0.2865
Residual 1.394E-003 10 1.394E-004
Lack of 1.394E-003 5 2.789E-004
Fit
Pure 0.000 5 0.000
Error
Cor Total 0.19 19
Standard deviation = 0.012 R?=0.9927
Mean=0.66 Adjusted R?= 0.9861
Coefficient of variation (%) =1.79 Predicted R?=0.9409
Predicted residual error of sum of squares (PRESS) = 0.011 Adequate precision=43.228
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The final mathematical model for Bead Width (Bw) in terms of actual factors as determined

by Design-Expert® 7.0 software is shown below:

By =—1.35840 + 7.06693 x 10~ x P—8.97834 x10™" »x ¥/ +1.37779x D —1.20000 x10° x P x ¥ —
1.33333x10 " x Px D —6.66667x10 ™ xV x D —4.22927x10~¢ x P? +1.02037 x10~¢
xV?—=0.15565x D*

(5)
The model F-value of 151.06 indicates the significance of model. Here is a probability of
only 0.01% so that a 'model F-value' being huge might happen owing to noise. The ANOVA
table of the quadratic model with other adequacy measures R?, adjusted R? and predicted R?
are listed in Table 2.8. The adequacy measures R?, adjusted R? and predicted R? are in
reasonable agreement and are close to 1. The associated p-value of less than 0.05 for the
model indicates model terms are significant. The adequate precision compares the signal to
noise ratio and a ratio greater than 4 is desirable. The ANOVA results show that the effect of
laser power (P), welding speed (V) and beam diameter (D), the quadratic effects of the square
of laser power (P?) and welding speed (V?), and the two-level interaction of laser power and
beam diameter (PxD) and welding speed and beam diameter (V xD) are the most significant

model terms related with the bead width. The other model terms are not significant.

The response surface model that has been created allows for the identification of the impacts
of variables on the response. Figure 2.10 (a) shows the response contour and 3-D surface plot
of the effects of laser power and welding speed on bead width. It is observed from these
figures that the bead width increases when the laser power increases and the welding speed is
kept constant. Similarly, when welding speed is amplified at a static laser power, the bead
width is reduced. If power is increased, more heat input will be generated on work piece.
Thus, the work piece will absorb more heat and bead width will be increased. As welding
speed increases, the work piece absorbs minimal heat as a consequence of a shorter duration
of contact among the laser beam and the work piece. Therefore, when welding speed
increases, bead width reduces. The response contour and 3-D surface plot of the effects of
laser power and beam diameter on the bead width has been seen in figure 2.10 (b). It is
observed from the figure, that bead width increases when laser power is increased keeping
the beam diameter as constant. Bead width also increases with increase of beam diameter
while power is kept constant. As beam diameter increases, the heat distribution along beam
radius will be increased, resulting in a wider bead width. The effects of welding speed and
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beam diameter are seen from the response contour and 3-D surface plot in figure 2.10 (c). It

is seen from this figure that bead width increases with beam diameter while welding speed is

kept constant. Similarly, bead width decreases with welding speed while beam diameter is

kept constant.
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2.4.2.2. Effect of Process parameters on the Depth of Penetration

Table 2.8 ANOVA for Response Surface Quadratic Model OF Depth of penetration

Source Sum of df Mean F-Value Prob>F
Squares Square p-value
Model 0.49 9 0.054 86.70 <0.0001 significant
P 0.23 1 0.23 363.47 < 0.0001
\Y 0.15 1 0.15 239.24 < 0.0001
D 0.090 1 0.090 144.43 < 0.0001
PV 0.000 1 0.000 0.000 1.0000
PD 1.250E-003 1 1.250E-003 2.00 0.1876
VD 4.500E-004 1 4.500E-004 0.72 0.4159
p2 0.015 1 0.015 23.88 0.0006
V2 5.648E-003 1 5.648E-003 9.04 0.0132
D? 7.939E-004 1 7.939E-004 1.27 0.2859
Residual 6.247E-003 10 6.247E-004
Lack of Fit 6.247E-003 5 1.249E-003
Pure Error 0.000 5 0.000
Cor Total 0.49 19
Standard deviation=0.025 R?=0.9873
Mean=0.87 Adjusted R?=0.9760
Coefficient of variation (%) =2.87 Predicted R?=0.9037
Predicted residual error gfozugm of squares (PRESS) = Adequate precision=35.628
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The final mathematical model for depth of penetration (Dp) in terms of actual factors as

determined by Design expert software is furnished below:

D, =+3.56720 — 7.58608 x10 3 x P —2.76059x10° xV —0.60263x D
+0.000000 x P xV —1.66667 x10 > x P x D +4.00000x10* xV x D
+1.28684x107° x P? +1.26698 x10 °xV % 4+ 0.32987 x D? (6)

The model F-value of 86.70 indicates the significance of model. Here is a probability of only
0.01% so that a 'model F-value' being huge might happen owing to noise. The ANOVA table
of the quadratic model with other adequacy measures R?, adjusted R? and predicted R? are
listed in Table 2.9. The adequacy measures R?, adjusted R? and predicted R? are in reasonable
agreement and are close to 1. The associated p-value of less than 0.05 for the model indicates
model terms are significant. The adequate precision compares the signal to noise ratio and a
ratio greater than 4 is desirable. According to the ANOVA results, the most significant model
terms correlated with the bead width are the impacts of laser power (P), welding speed (V),
and beam diameter (D), as well as the quadratic effect of the square of laser power (P?) and
welding speed (V). The other model terms are not significant.

Response surface models that have been designed allow for the identification of the impacts
of variables on the response. Figure 2.11 (a) shows the response contour and 3-D surface plot
of the effects of the laser power and welding speed on the depth of penetration. From the
figure, it is found that the depth of penetration increases when the laser power increases and
the welding speed is kept constant. Similarly, when welding speed is amplified at a static
laser power, depth of penetration is reduced. If power is increased, more heat input will be
generated on work piece. Thus, the work piece will absorb more heat and depth of
penetration will be increased. As welding speed increases, An inverse relationship among the
work piece's interface period and the laser beam causes the work piece to absorb minimal
heat. Consequently, when welding speed increases, the penetration depth reduces. The
response contour and 3-D surface plot of the effects of beam diameter and laser power on the
depth of penetration can be seen from figure 2.11(b). It is observed from the figure, that depth
of penetration will increase if laser power increases at fixed beam diameter and decrease if
beam diameter increases at fixed laser power. As beam diameter increases, the heat power
density per area will be reduced, results less penetration of heat into the work piece. From
figure 2.11(c), the response contour and 3-D surface plot of effects of welding speed and

beam diameter on the depth of penetration can be observed. It is observed from the figure,
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that depth of penetration will decrease for both cases if beam diameter increase at fixed

welding speed as the heat power density per area will decrease results less heat penetration

into work piece and if welding speed increases at fixed beam diameter as the interaction time

of laser beam on work piece decreases results less absorption of heat by the work piece.
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Figures 2.11 (a-c): Contours and response surface plot show the effects of input parameters

on the depth of penetration

2.4.2.3. Effect of Process parameters on the Maximum Temperature

Table 2.9 ANOVA for Response Surface Quadratic Model OF Maximum Temperature

Source Sum of df Mean F-Value Prob > F
Squares Square p-value
Model 4.879E+005 9 54215.55 7145.64 <0.0001 significant

P 2.074E+005 1 2.074E+005 27331.57 < 0.0001

\Y 1.005E+005 1 1.005E+005 13242.07 < 0.0001

D 1.785E+005 1 1.785E+005 23527.94 < 0.0001
PV 9.79 1 9.79 1.29 0.2825

PD 349.93 1 349.93 46.12 < 0.0001
VD 9.92 1 9.92 1.31 0.2794
p? 212.32 1 212.32 27.98 0.0004

V2 401.63 1 401.63 52.94 < 0.0001

D? 552.29 1 552.29 72.79 < 0.0001

Residual 75.87 10 7.59
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Lack of Fit 75.87 5 15.17
Pure Error 0.000 5 0.000
Cor Total | 4.880E+005 19
Standard deviation=2.75 R?=0.9998
Mean=2362.89 Adjusted R?=0.9997
Coefficient of variation (%) =0.12 Predicted R?=0.9987
Predicted residual error of sum of squares Adequate precision=332.005
(PRESS) =642.66

The final mathematical model for maximum temperature (Twm) in terms of actual factors as

determined by Design expert software is shown below:

T, = +1926.60170 + 4.70647 x P —0.97836 xV —795.97907 x D
—1.77000 x10™* x P xV —0.88183 x P x D — 0.059400 xV x D
—1.53532x107% x P? +3.37864 x10 *xV ? + 275.13713 x D? @)

The model F-value of 7145.64 indicates the significance of model. Here is a probability of
only 0.01% so that a 'model F-value' being huge might happen owing to noise. The ANOVA
table of the quadratic model with other adequacy measures R?, adjusted R? and predicted R?
are listed in Table 2.10. The adequacy measures R?, adjusted R? and predicted R? are in
reasonable agreement and are close to 1, which is indicating the higher predictive power of
this regression model. Model terms are significant, as indicated by the accompanying p-value
for the model being less than 0.05. When comparing the signal to noise ratio, an appropriate
precision of larger than 4 is considered preferable. The most significant model terms
correlated to the maximum temperature of the plate, according to the ANOVA results, are the
consequences of laser power (P), welding speed (V), beam diameter (D), the quadratic effect
of the square of laser power (P?), welding speed (V?), and beam diameter (D?), as well as the
two-level interaction of laser power and beam diameter (PxD). The other model terms are
not significant.

Response surface models that have been designed allow for the identification of the impacts
of variables on the response. Figure 2.12 (a) shows the response contour and 3-D surface plot
of the effect of the laser power and welding speed on temperature. From the figure, it can be

said that the temperature increases when the laser power increases and the welding speed is
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kept constant. Similarly, when welding speed increases at a fixed laser power, temperature
decreases. With increased power heat input will be increased which can raise the temperature.
As welding speed increases, the work piece absorbs less heat as a consequence of a shorter
duration of contact among the laser beam and the work piece. Consequently, when welding
speed increases, the rate of temperature rise reduces. We can see from figure 2.12 (b), the
response contour and 3-D surface plot of the effects beam diameter and laser power on
temperature profile. It is observed from the figure, that temperature will increase if laser
power increases at fixed beam diameter and decreases if beam diameter increases at fixed
laser power. The heat power density per area will be decreased when beam diameter will be
increased. Thus, the temperature will be decreased with increase of beam diameter. The
response contour and 3-D surface plot of effects of welding speed and beam diameter on
temperature has been observed from figure 2.12 (c). It is observed from the figure, that
temperature will decrease for both cases if beam diameter increase at fixed welding speed as
the heat power density per area will decrease and if welding speed increases at fixed beam
diameter as the interaction time of laser beam on work piece decreases, results less heat

absorption by the work piece.
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Figures 2.12 (a-c): Contours and response surface plot show the effects of input parameters
on the Maximum temperature

The aim of this numerical study is to investigate the effect of the process parameters on bead
width, depth of penetration and maximum temperature distribution on stainless steel plate
during the process of laser welding with fixed plate thickness. The results indicate that bead
widths, depth of penetrations and temperatures increase with laser power, but decrease with
increase of welding speed. And with increase of beam diameter, bead width increases but
depth of penetration and temperature decreases. This FEM model can be used for analyzing
the laser welding process when the laser beam scans along straight- line. This study is also
important for the further analysis of subsequent stress analysis, thermal distribution analysis
for different thickness of material, required for deformation studies.
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2.4.3. OPTIMIZATION

The aim of the numerical optimization method, using Design Expert® 7.0 software, is to

identify optimum process parameters to achieve a minimum bead width with maximum depth

of penetration at comparatively minimal expenses for operation through the use of maximum

welding speed and minimum laser power in the region of design. Table 2.11 summarizes the

goal, lower and upper limits and importance of each response which are derived from

response surface methodology.

Table 2.10 Criteria of numerical optimization

Parameter Goal Lower Upper | Lower | Upper | Importance
limit limit | weight | weight
P (W) Minimize 400 500 1 1 3
V (mm/min) | Maximize 500 750 1 1 3
D (mm) IS in range 0.7 1.0 1 1 3
Tm (K) isinrange | 2052.99 | 2691.40 1 1 3
Bw (mm) Minimize 0.5 0.85 1 1 5
Dp (mm) Maximize 0.6 1.22 1 1 5
Table 2.11 Optimal welding condition based on the criterion
SI.No P \% D Bw De Tm
(W) (mm/min) | (mm) (mm) (mm) (K) Desirability
1 400.00 683.82 0.70 0.522368 | 0.761008 | 2306.37 | 0.607 selected
2 400.00 684.87 0.70 | 0.521899 | 0.760225 | 2305.72 0.607
3 400.00 695.37 0.70 | 0.517316 | 0.752536 | 2299.15 0.606
4 400.00 680.97 0.70 0.523766 | 0.762825 | 2307.68 0.606
5 400.00 687.26 0.70 | 0.520957 | 0.758072 | 2303.64 0.606
6 424.95 747.80 0.70 0.541412 | 0.764827 | 2334.65 0.601

Table 2.12 presents the best welding parameter combinations based on the criteria, stated in

Table 2.11, which leads to achieve a minimum bead width with maximum depth of

penetration at comparatively minimal expenses for operation through the use of maximum

welding speed and minimum laser power in the region of design. To achieve a near minimum

bead width with near maximum depth of penetration, the optimum range of laser process
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parameters to be maintained are: laser power 400-424.95 W, welding speed 747.80-695.37

mm/min and spot diameter 0.70-1.0 mm.

2.5. Conclusions
1) Maximum temperature at weld zone increases with laser power and decreases with

increase of welding speed and spot diameter.

2) Bead width increases with increase in laser power and beam diameter and decreases with

increase in welding speed.

3) Depth of penetration increases with laser power and decreases with increase in welding

speed and spot diameter.

4) The optimum process parameters for minimum bead width with maximum depth of
penetration at relatively low operating (energy) cost and high productivity are also found

based on desirability function.
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3.1. Introduction

Previously we used isotropic thermal conductivity for welding simulations, which is an
approximation of the reality where thermal properties are anisotropic in reality. So, to
improve our model for achieving more accurate bead geometry compared to experimental
bead geometry, we incorporate anisotropic thermal conductivity approach in our model. The
influence of welding speed on the geometry of the laser melt pool, namely the penetration
depth and bead width are examined and outcomes are compared with experimental melt pool
geometry.

Earlier we have done simulations and validate results with published papers. Any simulation
needs to be validated with in-house experiments. So, we have decided to design few numbers
of experiment with varying process parameters based on the safe operating window obtained
based on simulation with isotropic approach, The purpose of the experiment is to investigate
the impact of welding speed on the excellence of the butt weld, including bead width, depth
of penetration and strength of joint, while other parameters such as laser power and pulse
width retained as unchanged. We considered the same process parameters for anisotropic
based simulations to acquire a proper validation among simulated and experimented
investigation. In case of isotropic simulations, we considered power, weld speed, and beam
diameter as process parameters but for experimental study we were restricted to a fixed beam
diameter due to constraint of laser welding machine. For experimental and anisotropic
investigations pulse width instead of beam diameter is considered to assess the predictability
of isotropic and anisotropic simulation against experimental results. However, we are capable
of validate only bead geometry and mechanical properties are not predictable from the
simulation model. After obtaining the optimum condition for based on bead width and depth
of penetration, the quality of butt joints along with base material have been assessed through
tensile test, microstructure observations, microhardness test and XRD for better

understanding the process.

3.2. Finite Element Simulation

Finite element simulations are developed to observe the temperature changes at weld

interface and obtain the melt pool geometry such as depth of penetration and bead width.

Normally, material melting will take place on laser direct metal deposition techniques, like

laser cladding, laser fusion welding, and laser surface melting, necessitate accurate oversight

in order to attain the desired microstructure, stress distribution, thermal stress distortions, and
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other essential response parameters. To achieve any level of optimization, modeling such
procedures is a crucial step [32]. Nevertheless, because marangoni and buoyancy-driven
convection dominate melt pool flows, modeling these processes is challenging. Accurate melt
pool geometry prediction necessitates the use of intricate computational fluid dynamics
models. However, these modes are more complex to compute and call for more experience
[32]. A few researchers have accounted for melt pool convection in their models using the
isotropic and anisotropic improved thermal conductivity technique, which simplifies and
expedites the modeling process. They discovered that the melt pool geometry may be
precisely predicted by the anisotropic increased thermal conductivity technique [32]. In light
of what they discovered; an anisotropic enhanced thermal conductivity approach has been
employed in this present study. These developed anisotropic enhanced thermal conductivity
approach simulations results are compared with experimental results. Merely half of the
model is taken into account for FE simulation owing to material symmetries, which helps to
shorten the simulation interval. For the purpose of achieving the study's objectives, this
idealization of the model fits the issue well [15]. In case of building the model some physical
parameters are used that are given in following Table 3.1. Temperature dependent thermal
properties are used, namely, thermal conductivity, specific heat and density and those are
listed in Table 3.2. The initial temperature of work piece is considered as 300 K. A changing
surface heat flux with tiny time increments is used to represent the laser beam. The
simulation duration and RAM need are reduced by using a 3-D free tetrahedral mesh utilizing
an inconsistent mesh design. Extremely small meshes are employed throughout the laser
beam's path because of the significant heat flux involved in the laser path. In other areas of
the plate, coarser meshes are employed. Figure 3.1 (b) shows the mesh used for finite element

simulation.
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Figure 3.1 (a) One half of the symmetrical sample, (b) Finite element mesh used for
modelling

Table 3.1 Physical parameters and their units

Material Property | Symbol Value Unit
Ambient Temperature To 300 K
Solidus Temperature Ts 1658 K
Liquidus Temperature TL 1773 K
Latent heat of fusion L+ 500 kJ/kg
Emissivity g 0.7
Heat transfer H 10 W/m2K
coefficient

Table 3.2 Temperature dependent thermal properties of 2205 Duplex stainless steel [16]

Temperature Thermal conductivity Specific heat (J/kg. K) | Density (kg/m?3)

(K) (W/m. K)

250 15 500 7860
500 18 500

750 20 500

1000 25 600

1250 27.5 620

1500 30 700

1750 35 750

1950 45 850

2250 55 1000

2500 65 1250
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3.2.1. Governing equation and boundary conditions

The following equation for three-dimensional heat conduction is implemented to simulate
heat transmission in laser welding, which controls the temperature distribution. [32].
0 oT

0 ar, o orT or
o KM =0) +5(kwﬁ)a) +—, Ka(M) =)+ Q= p(MCe (M) 1)

Concerning the standard heat transfer and isotropic modified thermal conductivity methods,
ko = kyy = kzz =k. Thermal conductivity values are three and five times higher than their
initial values in the isotropic modified thermal conductivity models. The isotropic modified
thermal conductivity £’ can be expressed by Eq. (2). p(7) is the density as a function of
temperature in kg/m®, Cp(T) is the specific heat as a function of temperature in J /kg*K, and
Q is the surface heat flux in W/ m?,

k'=ak (2
here k is the standard isotropic thermal conductivity value at the corresponding temperature

and o is the isotropic improvement factor which is outlined as

1 if T <Tliquidus &Tsolidus 3

| Multiplying factor  if T > T, ©)
Similarly anisotropic enhanced thermal conductivity k; is defined by Eq. (3).

G = oy k @

where k is the standard isotropic thermal conductivity value at the corresponding temperature,

ii denote the spatial co-ordinate and ¢«; is the anisotropic improvement factor for the

respective spatial co-ordinate, which is defined as [32]:

1 If T <Tliquidus &Tsolidus (5)
" IMultiplying factor  if T>T

liquidus

The transient thermal analysis governed by Eq. (1), is written in FEM, in the matrix form as:
)|+ [K]m)=lt) ®

To simulate a transfer of the energy to the work piece, the surface heat source model is used.

The heat source used in this present study can be expressed as [17, 18]:

_ _3P@-R) [ 3x* _3y* 32
Q=Q(x Y, 1) == exp( 2 Jexp[ o2 Jexp[ dz] Q)
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where P is the power [W] of the incident laser beam and R is the reflectivity. The parameters
a and b are taken to be equal to the radius [mm] of the laser beam, d is the max depth [mm].
The natural convection and radiation from the material's exposed surfaces to the surrounding
air create the material's cooling phase.

The following is an expression for the convective boundary condition:
Oeonv = h(Tst _To) (8)

here h is the heat transfer coefficient, that is considered as 10 W/m?. K [16], T« is the sheet

metal surface temperature and To is the ambient temperature, which is considered as 300K.

The following is an expression for the radiation boundary
condition:
Qg = €0 (Tst4 _T04) (9)

g is the emissivity, which is taken as 0.7 [16] and ois the Stefan Boltzmann constant
(5.6703x10® W/m?K*).

Throughout the welding procedure, the temperature in the fusion zone rises over the
material's melting point. In order to accurately describe laser melting processes, consideration
of latent heat effects is necessary. For the purpose of modeling solid-liquid phase change
problems, numerous numerical approaches have been designed. The latent heat effects are
incorporated using two methods such as effective heat capacity method and enthalpy method.
The enthalpy method is most common method. This approach enables treatment of latent heat
effects directly as a function of temperature. Effective heat capacity method requires very
precise control of time stepping to ensure change of phase [32]. A seamless switch among
phases occurs surrounding the phase change temperature, within the interval AT= T - Ts,
when a phase transition function a (T) is implemented. A mushy zone with heterogeneous
material qualities exists during this time frame. More abrupt switches ought to occur with
decreasing intervals. There are differences in the material properties for the liquid and solid
phases. To provide a seamless crossover from solid to liquid, these parameters are paired with
the phase transition function. Thus, the heat capacity method is used to incorporate a phase

change phenomenon in FE simulation. The heat capacity of the material is expressed as:

Cp = Cp,solid '(1_a(T))+Cp,quuid (a(T)) + L, Z__T_l (10)
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1 T>T,
T-T
a(T) = . T <T<T, 11
( ) T|_TS s | ( )
0 T<LT

S

For pure solid, «(T) = 0, and for a pure liquid, «(T) =1. Latent heat of material is considered

as L+=500 KJ/Kg. The material solidus (Ts) and liquidus (Ti) temperature are considered as
1658 K and 1773 K respectively [16].

3.3. Experimental Investigation

3.3.1. Experimental set up

We have done six numbers of butt weld experiments of 2205 Duplex stainless steel sheets,
each sized 100x20x1.5 mm at CSIR-CMERI Durgapur on JK-600 HP Nd: YAG Laser. The
pulsed Nd:YAG laser is operated at 1064 nm wavelength. The experimental setup for the
current study is photographed and is displayed in Figure 3.2. The work pieces are placed on
the metal plate of the holding fixture and both ends are clamped to prevent misalignment
between the parts to be welded in butt joint geometry. The technical specifications of the used
Laser device are tabulated in table 3.3. The ranges of parameters which are taken for the
present experiment are tabulated in table 3.4. After experiments, we have done the tensile
strength test of welded samples along with base material to find out the strength of welded
joints and the base material. We have also investigated the microstructure of base material and

welded samples. Hardness also has been measured for base material and the welded samples.

¥ Holding
fixture

Control unit

Figure 3.2 Experimental set-up for laser welding
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Table 3.3 Technical specifications of JK-600 HP Nd: YAG Laser

PARAMETERS VALUES
Maximum average power at Laser (W) 600
Typical Power at Work Piece (W) 500
Maximum Peak Power (kW) 10
Energy (J) 10-100
Frequency (Hz) 20-50
Pulse Width (ms) 0.2-20
Beam quality (mm.mrad) 28
Scanning Speed (mm/s) 1-3000
Focal Length (mm) 80, 100, 120, 200, 300
Shielding gas at flow rate Argon gas at 7 L/min

Table 3.4 Parameters considered for experimental investigations

PARAMETERS VALUES
Wavelength 1064 nm
Beam diameter 0.75 mm
Shielding gas at flow rate Argon gas at 7 L/min
Frequency 25 Hz
Power 425 W, 525 W
Weld speed 3.5 mm/sec, 4.25 mm/sec, 5
mm/sec, 6 mm/sec, 7mm/sec
Pulse width 4 ms,5ms

3.3.2. Materials and Methodology
Base material was cut in a size of 10mmx10mmx21.5mm and all of the welded samples were

cut in a size of Ll0Ommx3mmx1.5mm. Then the base material and cross section of welded
samples are mounted by metallographic mosaic machine followed by polishing through
emery sheets of grit range fineness from 100 to 2000, continued with light disc cloth polish
with alumina solution.

A combination of 30 ml Glycerin, 30 ml HCL and 10 ml HNOs, the solution named
Glycergia, was used as an etchant to reveal the microstructure. Each welded sample consist
base material, HAZ and Weld zone. The microstructure of welded samples and base metal
were observed by LEICA DM 2700 M (type: DFC450, input: 12 V/350 mA) optical
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microscope and JEOL 6360 scanning electron microscope. Chemical composition of base
material 2205 duplex stainless steel is tabulated in table 3.5.

Table 3.5 Chemical composition of base material 2205 duplex stainless steel

C i S Cr Ni|l Mo Cu N Co Ti Nb \V B Ca

% % % % %% % % % % % % % % %N %N % Y

0.028| 0.6| 1.39 |0.0290.011 22.655.19 3.32|0.186 1.18|0.0570.012 0.046| 0.116 |0.0043 0.0074| 0.0004| 66.3

The base material microstructure, as acquired, is depicted in Figure 3.3 and exhibits an
equivalent phase ratio of austenite and ferrite accompanied by an extended grain shape. Ferrite
phase is seen in the black region and austenite phase in the white region. This illustration
illustrates how the continuous ferrite phase matrix surrounds the stripe type austenite phase,

leaving no additional precipitates in its wake.
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Figure 3.3 Base material microstructure

Tensile tests were performed for basic material along with welded samples on INSTRON-
8801¢with strain rate 10 ° /s)- For basic material, size100x20x1.5 mm, a large strain zone is
present in the stress-strain curve, demonstrated in Figure 3.4 (a). It also shows the maximum
tensile strength of 870 MPa before it tears. Figure 3.4 (b) is the sample on which tensile test
was performed. Yield strength of the material was 700 MPa and the tensile strain at break
was 37.8 %, from this we can say that the material has good ductility. The load and strength
at break point were 18.73 kN and 590.08 MPa respectively. Young’s modulus of 267.5 MPa
has been calculated from stress-strain curve.
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Tensila stress (MPa)
B B & 4B
22888
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Tensike Strain

(a)
Figure 3.4 Tensile test result performed for basic material (a) stress-strain curve, (b) sample of
basic material

In order to determine the hardness profiles, microhardness measurements are conducted for
base material and all welded samples joints. The microhardness measurements are carried out
using Vickers Hardness tester- AMT- X7FS fitted with a diamond indenter considering 50 g-f
load and a dwell time of 20 s. Micro hardness distribution of base metal has been shown in
figure 3.5. From the figure it is seen that the average hardness of base material is 280 HV.
Hardness depends on grain size. According to Hall-Petch equation,

os=co+kd*? (12)
Where os is yield strength (MPa), oo is constant, K is constant, and d is grain size (mm). It is
deduced that smaller the grain size the higher is the yield strength. Meanwhile the relationship
between hardness and yield strength is described by Tabor empirical formula which can be
given by,

HV=C x os (13)
Where HV is hardness (Vickers scale), C is a constant and os is yield strength (MPa). So the
relationship between hardness and grain size can be written as,

HV=C (co+kd*?) (14)
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Figure 3.5 Micro hardness of base material
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3.4. Results and Discussion

3.4.1. Validation of simulated weld bead geometries with experimental study

3.4.1.1. Temperature distribution for different welding speed (simulation model)

The temperature contour of weld pool and mushy zone for different scanning speeds are
shown in Figure 3.6 (a-d), where 1673 K-1773 K is considered as the temperature range of the

mushy zone. In this work, the weld pool is defined as plate heated to the material liquidus

temperature (1773 K) and above.
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Figure 3.6 Simulated temperature contour and distributions for different scanning speed

The dimensions of the weld pool (breadth and depth of weld), which spans the laser beam
path and passes through the plate thickness, are computed based on temperature values and

distances along the x and z axes. It is observed from these results that the dimension of weld

pool decreases with increase in scanning speed. From these figures, it is observed that the

temperature at the interface of the two plates reaches a maximum range of 2550 K — 2450 K,

which indicates the attainment of boiling point (~2500 K) of the material resulting in a tiny
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amount of material removal on the top surface of the plate. The substrate damage can be seen
from micrographic views of experimental samples.
3.4.1.1.1. Effect of Welding Speed on Microstructure

The welding quality varied with different welding speed. It can be presented that distance
between beam center increases and overlapping factors Qs decreases when the speed will

increase remaining other parameters constant. Qr (%) can be calculated by,

(")

Qr =[1 —(D+—J;T)] x 100 5
Where v is welding speed, f is frequency, D is beam diameter and T is pulse duration.
Overlapping factors for each experiment with different speeds has been tabulated in table 3.6,
which is 81.7 % in speed 3.5 mm/s and declined to 64 % in 7 mm/s speed. Depth of
penetration and bead width both depends on welding speed. With increase of speed,
overlapping factor decreased and thus average heat input will be decreased that result less
penetration and bead width. In the weld, the degree of dilution and cooling rate are said to be
determined by the quantity of heat input. Limited melting between the surface and the heat
source during the welding process caused a higher cooling rate, which in turn led to
insufficient penetration. Changes in the welding settings can control the heat input, which is
crucial in determining the shape of the junction. The two most remarkable factors influencing
the heat input among these are the laser welding speed and the laser beam overlapping factor.
According to the following equation, the heat input for this investigation was determined.

P

D_
()2 x v

(16)

Where P is laser power, D is beam diameter, Qr is overlapping factor, v is welding speed. The
above equation shows that raising the overlapping factor and lowering the laser welding
speed will result in a rise in the amount of heat input on the work piece.

The depth of penetrations and bead widths were determined from microstructures of weld
cross-sections using Image J software and are given in table 3.6. No visible cracks were
observed during and after welding. There were no significant grain size changes observed at
the base regions for all weld samples. With increase in scanning speed, DOP and Bead width

both were decreasing due to less interaction time between heat source and weld surface even
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when power increases from 425 W to 525 W, both DOP and Bead width were continuously

decreasing, this was also due to reducing pulse width from 5 ms to 4 ms.

Table 3.6 Variation of overlapping factor, depth of penetration and bead width for different

welding speed

Depth
Exp. | Frequency | Pulse | Speed | Power | Beam | Overlapping of Bead
No. (Hz) width | (mm/s) | (W) | diameter factor penetration | width
(ms) (mm) (%) (mm) (mm)
1 25 5 3.5 425 0.75 81.7 1.16 1.45
2 25 5 4.25 425 0.75 77.9 1.15 1.39
3 25 5 5 425 0.75 74.1 1.12 1.2
4 25 5 7 425 0.75 64.3 1.04 1.14
5 25 4 7 525 0.75 64 0.7 1.05
6 25 4 6 525 0.75 68.9 1 1.12

The optical micrograph of welded samples taken on optical and scanning electron microscope
are given in figure 3.7 and 3.8, showing weld zone, base and HAZ. At weld zone, in figure 3.7
and 3.8 due to repeated recrystallization, the maximum deformation and extremely fine grains
were produced. The weld zone in figure 3.8, of almost all weld samples featured a narrow and
regular shape. All fusion zone microstructures of optical micrographs revealed the presence of
both ferrite and austenite. The dark region shows ferrite portion and lighter region shows
austenite portion. The whole weld zone was in the liquidus phase when the temperature hit
the liquidus point during welding. Ferrite was the first phase to develop directly from the
liquid at a temperature just below the melting point when solidification began. Austenite (y)
has developed when the temperature progressively dropped to about 900 °C. After cooling, &
ferrite will change into a ferrite, thus both the ferrite and austenite phases will persist. The
cooling rate increased as a result of the discrepancy between the ambient temperature and the
greatest temperature reached in the weld zone [30]. The predominant ferrite structure in the
weld zone resulted from the diffusional change to austenite phase being restricted upon
cooling [33].

L = L+3—»d+y = oty

Ferrite to austenite ratio at weld zone for all samples can vary. In some experiments this ratio
has been decreased and in some it has been increased. From the view of Weld-HAZ-Base
junction the occurrence of a significant modification of the grain size is clearly visible. An

amazing transformation was seen at the high temperature heat impacted zone near the fusion
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line, where there was confirmation of the austenite phase’s early breakup across the area. very
close from weld zone. Optical micrographs, taken at higher magnification showed that the
corresponding structure for all weld samples was made up of small sized globular grains
except experiment number 2 and 4 where elongated and comparatively coarse grains were
formed. The grain boundaries at weld zone are quite thick that reveals there are some carbide
precipitates over the boundaries. The grain orientation roughly followed the heat flux
direction during welding. From the junction of weld-haz-base, it is seen that HAZ portion was
very narrow. From SEM micrographs, for experiment number 5, there is a deep undercut at
weld zone from both sides. This can be due to exceed the optimum range of power, speed and
pulse width. For other weld samples, a slightly under tapped top surface has been found at
weld zone which is common problem for laser welding as immense energy is directly applied
to the top surface. For these welding, laser beam was starts from one end of the weld line to
other. If a minimum distance can be maintained between the starting point of beam and weld
line then these types of problems can be overcome to some extent. Variation of process

parameters can also be the reason.
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65



Chapter 3

3

Sample No

Sample No.4

2y

3

W? \
&

A

1

N

... 2 ~. %&%ﬂ@u

[

e
(SO

B

%
i

6

(
Figure 3.7 Optical micrographs of all welded samples: (a) Weld

Sample no

©)

(b)

a)

HAZ-Base junction, (b) Weld
ion zone

) and (c) Fusi

fication

zone (higher magn

66



Chapter 3

Next zone to it was heat affected zone, shown in figure 3.8 (b), which is between weld zone
and base material. In HAZ, a lower temperature beyond the fusion zone was reached. In this
instance, grain size increased as a result of recrystallization and grain expansion. Fusion or
mixing zone is a transition region from the weld metal to HAZ. Here also the grain boundaries
are thick due to carbide precipitation, except experiment number 5 where grains cannot be
identified clearly. Some voids have been formed in grain boundary for experiment number 6.
Figure 3.11(a) shows the full welding.

67



Chapter 3

[FUSION ZONE.

Figure 3.8 SEM micrographs of all welded samples: (a) Full welding, (b) HAZ zone

Validation of the effect of scanning speeds for both experimental and numerical study, on
weld bead geometry is studied and summarised in Table 3.7. The weld bead geometry of
sample 5 and 6 reveals poor joints, so we considered first 4 samples for validation and further
characterizations. The results are achieved from the present numerical models are found to be
in good agreement with experimental results. As can be seen from Table 3.7 that depth of
penetration and bead width, for both experimental and numerical study, decreases with
increase of scanning speed since, with increase of speed, interaction time between the laser
beam and the work piece decreases, resulting in less amount of heat is delivered to the plate.

68



Chapter 3

Table 3.7 Laser input parameters and the validation of weld bead dimensions

From From From From
Experiment| Simulation| Error %| Experiment| Simulation| Error %
Exp.| Pulse | Speed | Power
Depth Depth
Bead Bead
of of
Width Penetration| Penetration Width Width
No. (mm/s)| (W)
(ms) (mm) (mm) (mm) (mm)
1 5 35 425 1.16 1.31 -0.1293 1.45 1.68 -0.1586
2 5 425 | 425 1.15 1.2 -0.0435 1.39 1.42 -0.0215
3 5 5 425 1.12 1.12 0 1.2 1.3 -0.0833
4 5 7 425 1.04 0.97 0.06731 1.14 1.03 0.09649

3.4.1.1.2. Effect of welding speed on tensile strength

Tensile testing of welded joint and base material has been conducted in Instron 5582
Machines according to ASTM E-8 using rectangular specimens. All welded samples were cut
in a size of 200x12.5x1.5 mm. The effect of welding speed on tensile strength of the welded
sample is studied and discussed. Table 3.8 summarises the input parameters, the experimental
results of mechanical properties of the welded sample. Beam diameter is kept constant at 0.75
mm. Mechanical characteristics like ultimate strength, yield strength, and strength at breaking
point advance with scanning speed until they reach a specific point, at which point they begin
to decrease. When a medium welding speed is employed, this behaviour is seen. It is noted
from the table 3.8 that for a laser power (P=425W); pulse width (Pw=5ms); increasing the
welding speed (V=3.5 - 5 mm/s) increases the mechanical properties. This may happen due to
degradation of the material due to high energy input. That is why mechanical properties
initially improves with scanning speed and the trend differs when a relatively higher laser
welding speed (V=7 mm/s) is used. In this case, mechanical properties degrade for same laser
power (P=425W) and pulse width (Pw=5ms). This could occur because inadequate energy
leads to insufficient heat transfer, insufficient penetration, and improper material mixing, all
of which may outcome in a weak weld [21]. In case of sample 5 and 6 we use higher power
(525 W) with welding speed of 7 and 6 mm/s keeping the pulse width at 4 ms and both

experiments offer poor strength than others. The fracture location is at weld zone for all
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experiment. Regarding the responses listed in table 4.3, the suitable combination of laser

power, welding speed and pulse width to acquire improved tensile strength is 425 W, 5 mm/s

and 5 ms, respectively. Figures 3.9 shows tensile stress-strain curves of the welded samples

with steady power (425 W) and pulse width (5 ms) for different welding speed. Figure 3.10

shows the samples used for the tensile testing.

Table 3.8 Laser input parameters and the experimental results of mechanical properties of the

welded sample

Exp| Process Parameters Response Parameters Fracture
No.[ p Y, Pw | Ultimate| Yield | Elongation| Young’s| Load | Strength| location
(W) | (mm/s)| (ms)| Tensile | strength (%) modulus| at | at break

strength | (MPa) (MPa) | break | point
(MPa) point | (MPa)
(kN)
1. | 425 35 5 780 600 7 261.26 | 1455 | 739.55 | Weld
2. | 425 | 4.25 5 810 650 13.4 255.26 | 14.7 | 7476 Weld
3. | 425 5 5 845 700 16.2 265.9 | 15.33 | 806.6 Weld
4. | 425 7 5 655 590 0.84 259.2 | 11.48 | 594.15 | Weld
5 | 525 7 4 575 500 0.6 256.4 | 10.63 | 5479 Weld
6 | 525 6 4 590 510 0.65 248.8 | 11.24 | 569.1 Weld
900
8004 —
1 1425W
700-_ Vismm/s
& 800+ PL425W Pw-5ms
500 VI-3.5mm/s
3 1 Pw-5ms
@» 400 -
- 1 P{425W
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100 +
S

Tensile strain (%)
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Figure 3.9 Tensile stress-strain curve of the welded samples
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s ——

Sample No.1 Sample No.2

Sample No.3 Sample No.4
Figure 3.10 Photographs of samples used for the tensile testing

The maximum tensile strength and elongation of welded samples has been decreased
compared to the base material, so it can be said that the weldability was degraded for these
experiments. The fracture location was at weld zone for all experiment. With increase of
welding speed from 3.5 mm/s to 5mm/s, maximum tensile strength and elongation has been
increased respectively, when speed exceed 5 mm/s and reached 7 mm/s both maximum tensile
strength and elongation has been decreased. So, among these six experiments we can
conclude, welding at 5 mm/s speed with power, pulse width and beam diameter at 425 W, 5
ms and 0.75 mm respectively, gives better strength and elongation.

3.4.1.1.3. Effect of welding speed on microhardness

Equation 14 defines that hardness will increase if grain size decrease and vice versa. A decline
in weld speed raises average power, which raises heat input and lowers cooling rate. This
makes it possible to get the fusion zone's softer microstructure with reduced hardness. As a
result of the micro structural alterations brought about by an upsurge in weld speed, it is
possible to deduce from these data that the hardness in the fusion zone would rise.

Micro hardness distributions from the center of weld zone to base for six numbers of welded
samples have been shown in figure 3.13. For all experiments, the weld region exhibited high
hardness values than base material for all parameters. The hardness values in base metal for
welded samples are observed to be nearly constant throughout the material. The average
hardness values of base for welded samples are near 300 HV. For some of the welded samples
a sharp fall of hardness value has been observed at region between base and weld zone. This
region is heat affected zone. Microstructure of weld zone consist small grains, so here
hardness will be high. Although for present experiments average hardness values nearly 380
HV, at weld zone for all welded samples with different weld speed, are found except

experiment number 5. For this case average hardness value is 337 HV at weld zone which is
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not so high like other experiments. From the graph for experiment number 5, it is seen that

hardness of base and weld zone are nearly same. In spite of coarse grain size, at HAZ also

hardness is high for some weld samples. This can be due to the carbide precipitates at grain

boundaries of weld as well as Haz zone. The best part is after experiment also, the hardness

and microstructure of base material have not been changed [20, 35].
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Figure 3.11 Micro Hardness from weld centre to base for four numbers of experiments

3.4.1.1.4. Effect of welding speed on XRD
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Figure 3.12 (a-d) shows X-Ray diffraction pattern for all welded samples. The plot for all

welded samples showed there is ferrite content is relatively higher and subsequently, austenite

content is lower. This implies that heat input, a consequence of the laser welding process, has

a notable influence on the austenite volume fraction [16]. Since laser welding produces less

heat input, the austenite content has decreased and the ferrite content has increased as a result.

Support for this comes from the fact that the low heat input during laser welding leads to an

increase in both solidification and cooling speeds. In slow cooling rate welding, the

transformation from ferrite to austenite takes place very quickly by reason of slow cooling

rate on account of high heat input might resultant microstructure includes the majority of

austenite. When it comes to welding, quick cooling rates owing to minimal heat input may

produce weld metal with a reduced austenite content than slow cooling rates [23, 34].
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Figure 3.12 X-ray Diffraction pattern of all weld samples

3.5. Conclusion

The aim of this experimental study is to investigate effects of welding speed and other
parameters on the quality of the butt weld while laser power and pulse width are kept as
constant. Tensile characteristics, microstructure, and microhardness have all been evaluated
in relation to the butt joint and base material quality. Anisotropic increased thermal
conductivity technique is used to predict the impact of welding speed on laser melt pool
shape, i.e., penetration depth and bead width, and the results correlate well with the
experimental data. The following conclusions can be drawn from above investigations:

1. The butt joints without cracks and porosities are obtained for 2205 duplex stainless steel
using laser beam welding method. The weld bead geometry i.e., depth of penetration and
bead width increases with the decrease in scanning speed.

2. The mechanical properties such as ultimate strength, yield strength and strength at

breaking point improve with scanning speed. However, due to lack of penetration, poor heat
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transfer and poor mixing of materials, the lowest mechanical strength is obtained to sample
number 4 which involves higher scanning speed.

3. Microstructure analysis indicates that scanning speeds have remarkable effect on fusion
zone during laser beam welding. Microstructures show significant changes in the fusion
region for sample no. 1 to sample no. 4. It is demonstrated that the high heat input could
contribute the coarse grain size and high content of the austenite phase during laser welding.
4. Microhardness continuously decreasing from the welded zone (350-380 HV) to the
unaffected area (275-280 HV) due to changes in metallurgical phase constituents and
formation of more amounts of intermetallic compounds inside the melt pool. In addition,
formation of bainite structure because of the higher cooling rate is also one of the reasons to

have higher hardness in the fusion zone.
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4.1. Introduction

Initially optimisation of laser process parameters was done based on best bead geometry (depth
and width) as objective function. FE simulated results were used to predict bead geometry for a
given set of laser process parameters. The quality of the welded joint was assessed based on
desired bead geometry. Desired mechanical properties of the welded joint have not been used in
objective of the optimisation. But with the observations obtained from tensile testing of optimum
graded welded joints it is found that those fail to qualify sufficient strength. Hence it is necessary
to plan for optimisation of laser process parameters including the desired mechanical properties
as another objective function along with bead geometry. So, it will be in the class of multi-
objective optimisation problem. For optimisation input-output relationship between laser process
parameters (speed, power, pulse width) and mechanical properties (Ultimate strength, yield
strength) is necessary. This relationship is established using Response surface method based on
experimental results already available. Once the relationship is obtained multi-objective
optimisation is done to identify optimum process parameters to ensure qualified bead geometry
and mechanical properties.

Weld quality are primarily determined by the strength of joints, along with flexibility or % of
elongation of welded materials, where these two main properties are extremely influenced by the
ratio of depth of penetration and bead width of fusion zone. Bead width can categorize the heat
affected zone (HAZ), less HAZ defines superior joint quality whereas depth of penetration has
quite first-rate control on strength of weld joints, as less penetration can cause deprived joints
follow-on poor strength which makes weld joints brittle and with enhancement of penetration,
weld joints turn out to be stronger ensuing weld joints which can tolerate much load for quite a
long time and be ductile in nature. For current investigation, the consequences of laser welding
process parameters together with laser power, scanning or welding speed alongside pulse width
were analytically scrutinized upon the depth of penetration, bead width, ultimate tensile strength
and elongation for laser butt welding method of duplex 2205 stainless steel. We carried out these
laser welding experiments on the basis of central composite design with response surface
methodology for constructing numerous mathematical regression models to determine the key
possessions of process parameters along with their impressions on depth of penetration, bead

width, ultimate tensile strength and elongation of laser welded butt joints of 1.5 mm thick 2205
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duplex stainless-steel sheets. Accuracy of mathematical regression models were evaluated to
ensure the competence by using analysis of variance for formulating correlations linking process
parameters and response parameters. Moreover, an evaluation was prepared among the
envisaged and authentic outcomes. The actual intention was to build up high-quality welds by
means of least deficiency together with elevated penetration intensity taking on arithmetical
schemes. Earlier, identifying process parameters were unavoidable in case of each latest creation
for achieving the favoured provisions in welded joint, which as well consumed a soaring extent
of period. So, in favour of conquering this predicament, plentiful of optimization techniques has
been practiced a route for establishing the correlation involving the key parameters and response
parameters. For past few times, design of experiment (DoE) methods turned out to be incredibly
positive towards forming such optimizations. With the process of alternating laser process
parameters, such as power, pulse width and scanning speed, it is possible to procure optimum
parameters in fulfilment of achieving superior quality weld joints with minimal expenses. The
microstructure of the weld zone, HAZ, and base zone are examined under an optical microscope
(Leica DM 2700 M).

4.2. Experimental procedure

In this study, a three factor five-level central composite design is employed for the experimental
design. The statistical software Design-Expert 7.0 is used to construct the design matrix, and
response surface methodology is also applied using the same software. 2205 duplex stainless
steel sheets with dimensions of 100 mm x 20 mm x 1.5 mm are used for butt welding in the
study. The experiments are conducted at the Central Mechanical Engineering Research Institute
(CMERI), Durgapur, using a pulsed Nd:YAG Laser, which has a maximum average power of
600 W and operates at a wavelength of 1064 nm. Figure 4.1 shows the schematic diagram of the
laser butt welding process, and Figure 4.2 displays the setup, including the JK-600 HP Nd: YAG
Laser. The work piece is placed on the holding fixture and clamped at both ends to prevent any
misalignment during the welding process. In experiments, the process parameters such as power,
scanning speed, and pulse width are varied while maintaining a constant laser frequency of 25

Hz and beam diameter of 0.75 mm. Argon gas is utilized as a shielding gas at a flow rate of 7
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L/min. Prior to the welding process, the samples are cleaned with acetone to eliminate any oil
contamination or oxide film.

1 - 2205 duplex stainless steel sheet
2 - Welded region

3 - Keyhole

4 - Laser beam

5 - Focusing lens
6 - Nozzle assembly
7 - Assist gas inlet

< »‘ &
Holding
fixture

Control unit

Figure 4.2 Experimental set-up for laser welding
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The Leica DM 2700 M optical microscope is used to examine the microstructure, depth of
penetration, and bead width of the fusion zone. The welded samples are engraved to a size of 10
mm x 3 mm x 1.5 mm and then mounted by a metallographic mosaic machine. The samples are
then polished using emery sheets ranging in fineness from 100 to 2000 grit, followed by a light
cloth polish with alumina solution. Glycergia, a solution consisting of 30 ml Glycerin, 30 ml
HCL, and 10 ml HNO3, is used as an etchant to reveal the microstructure. Tensile test is
performed following the ASTM E8 standards and are tested using an INSTRON-8801 (Force
rating = 100 kN) with a strain rate of 107%/s. Figures 4.3 and 4.4 demonstrate the metallographic
mosaic mounter and INSTRON-8801 set up, while Figure 4.5 (a-b) illustrates the dimensions of
the tensile test specimen as per ASTM EB8 standards and the butt-welded specimen for the tensile

test.

Figure 4.3 Mounted samples for microstructural inspection after welding

" Yo) REDMI NOTE 5 PRO
Ml DUAL CAMERA

Figure 4.4 Experimental set up of INSTRON- 8801 for tensile test
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Figure 4.5 Tensile test sample (a) Dimensions (in mm) as per ASTM E8 standard, (b) Actual
view of welded sample

4.3. Response surface methodology (RSM) and design matrix

Response surface methodology comprises mathematical and statistical techniques that aid in
developing empirical models and optimizing them. Conducting experiments and applying
regression analysis can result in a model that predicts the response against independent input
variables. Assuming that all variables are measurable, the response surface can be expressed in

the following manner.
Y= (X, Xy, Xgyeon Xy ) £ € Q)

where, y is the response which is a function of independent parameters (x;, X,, X3,.....X,) and ¢ is
the regression error. In order to derive an approximative relationship between a true response and
several design parameters from the data collected from observations of the procedure, the
response surface approach is applied through a series of planned experiments.

Table 4.1 contains the process parameters, including their notation, units, ranges, and low/high
levels. A central composite design matrix is used with three factors (laser power, scanning speed,

and pulse width) and five levels (-a, -1, 0, +1, +a). The response surface method is applied to
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generate regression equations and statistical response plots. Experiments are conducted based on

this matrix, and the process parameters and their corresponding responses are listed in Table 4.2.

Table 4.1 Process parameters and their units and limits

Parameter Notation Unit Low actual | High actual

Laser power P w 400 450

Pulse width Pw ms 4.8 5.2
Scanning speed \Y mm/s 4.5 55

Table 4.2 Design matrix with experimentally obtained responses

Process Parameters Responses
Pulse . Bead Depth of i
NS(I)'_ Po‘éver’ width, iczzglrl? width, pene?ration, U.I S, EIongatlon,
wy | P (pmm/’s) Bu Do | mpay| (%)
(ms) (mm) (mm)

1 425 4.6 5 1.315 1.417 791 5.4
2 425 5 5 1.331 1.429 814 5.51
3 475 5 5 1.387 1.491 932 13.3
4 400 4.8 55 1.281 1.377 655 0.81
5 400 5.2 4.5 1.329 1.431 849 7.3
6 425 5 5 1.323 1.421 849 6.21
7 425 5 5 1.327 1.427 855 7.74
8 425 5 6 1.311 1.414 685 1.35
9 400 4.8 4.5 1.297 1.403 796 5.43
10 450 5.2 55 1.351 1.449 876 8.69
11 425 5.4 5 1.355 1.453 885 8.92
12 400 5.2 55 1.319 1.421 762 4.81
13 450 4.8 4.5 1.371 1.474 895 11.1
14 425 5 4 1.347 1.449 889 9.24
15 450 4.8 55 1.339 1.443 848 6.79
16 450 5.2 4.5 1.368 1.469 912 11.3
17 375 5 5 1.293 1.391 689 2.27
18 425 5 5 1.321 1.419 831 5.7
19 425 5 5 1.326 1.424 846 6.17
20 425 5 5 1.335 1.431 833 5.81
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4.4, Results and Discussion

4.4.1. Microstructure analysis and tensile strength of the base material

Figure 4.6 (a-b) displays optical and SEM images of the microstructure of the base material DSS
2205. It can be observed that the base material microstructure has an equivalent phase ratio of
austenite and ferrite. The white and black regions correspond to the austenite phase and the
ferrite phase, respectively. The stripe type austenite phase, which is surrounded by the
continuous ferrite phase matrix with no other precipitates, is also noticeable. The mechanical
properties of the base material are specified in Table 4.3, and the stress-strain curve for the base
material is demonstrated in Figure 4.7. As reported in the table, the maximum ultimate tensile

strength and elongation are 870 MPa and 37.8%, respectively.

Austenlte ¥ .,_-f_«. .

= s Ferrlte

= gt
W% 2 _
e J 5 v ';‘hndru

Z, 006 190m 8811

Figure 4.6 Base material microstructure: (a) optical micrograph image, (b) SEM micrograph
image

Table 4.3 Mechanical properties of the base material

UTS Yield Elongation
(MPa) Strength (%)
(MPa)
870 700 37.8
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Figure 4.7 Stress-strain curve of the base material

4.4.2. Microstructure analysis and tensile strength of the welded samples

The microstructure of the weld zone, heat affected zone (HAZ), and base zone are examined
under an optical microscope after the welding process and are presented in figures 4.8 (a-f).
Figure 4.8 (a) shows that the weld zone of the weld sample is narrow and regular in shape.
Figure 4.8 (b) displays the interface between the weld zone and HAZ. The repetitive
recrystallization and high deformation during the welding process resulted in very fine and small
globular grains in the weld zone, while elongated and coarse grains are formed gradually towards
the fusion line due to the orientation of grain following the heat flux direction. A narrow HAZ

width is observed from the weld-HAZ junction.

The temperature in HAZ is lower than that of the fusion zone. This area experienced an increase
in grain size due to recrystallization and grain growth. The fusion zone serves as a transition
region from the parent metal to HAZ. Figure 4.8 (c) shows a closer view of the weld zone with
broad grain boundaries due to carbide precipitation. No voids, porosity or visible cracks are
found in the fusion zone after welding. Figure 4.8 (d) depicts the HAZ-base junction interface,
where no significant change in grain orientation is observed in the base zone after the welding
process. The high-intensity heat from the laser heat source did not significantly impact the base

region.
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The micrographs of the weld zone showed both ferrite and austenite, as seen in figure 4.8 (e).
The dark areas indicate ferrite, while the lighter areas indicate austenite. A significant change in
grain size is observed in the heat affected zone near the fusion line, as shown in figure 4.8 (f).
The austenite phase began to decompose in this region close to the weld zone. The depth of
penetration and bead width are measured using Image J software and are shown in Figure 4.9.

WELDZONF

Welded
region

Sy R~

(e) Welded zone with austenite and (f) Base-HAZ-Welded zone interface
ferrite characteristics

Figure 4.8 Optical micrograph of welded sample (Laser power = 450 W, pulse width = 4.8 ms,
scanning speed = 4.5 mm/s)
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1.371 mm

Figure 4.9 Measurement of bead width and depth of penetration using Image J software (Laser

power = 450 W, pulse width = 4.8 ms, scanning speed = 4.5 mm/s)

In Figure 4.10, a stress-strain curve for all the welded samples is displayed. The stress-strain
graph shows that the highest value is achieved with a laser power of 475 W, pulse width of 5 ms,
and scanning speed of 5 mm/s. Furthermore, it is evident from the curves that an increase in

power and pulse width led to higher stress and strain values, while a higher scanning speed

resulted in lower stress and strain values.
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Figure 4.10 Stress-strain curve of all the welded samples
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4.4.2.1. Analysis of bead width using ANNOVA

The results for bead width for different laser input parameters are measured using optical
microscope and listed in table 4.2. The corelation between Bead width and input parameters is
developed using ANNOVA.The ANOVA table 4.4 displays the quadratic model and its adequacy
measures, including R?, adjusted R? and predicted R?, which are all close to 1 and is in
reasonable agreement. The Model F-value of 92.04 indicates the significance of model. Here is a
probability of only 0.01% so that a 'model F-value' being huge might happen owing to noise.
With a p-value of less than 0.05, the model terms are significant. A signal to noise ratio larger
than 4 is considered to be indicative of adequate precision. With a signal to noise ratio of 37.654,
the signal is acceptable. The ANOVA analysis indicates that the bead width is most significantly
affected by laser power (P), pulse width (Pw), and scanning speed (V), as well as the quadratic
effects of laser power (P?) and pulse width (Pw). Additionally, the two-factor interaction between
laser power (P) and pulse width (Pw) is also significant, while the other factors have no
significant impact. The F-value of 0.21 for the lack of fit suggests that it is not significant

compared to the pure error, and there is a 94.18% chance that this value could be due to noise.

Table 4.4 ANOVA for response surface quadratic model of bead width

Source Sum of df Mean F Value p-value
Squares Square Prob > F
Model 0.013363 9 0.001485 92.04279 < 0.0001 significant
P 0.009555 1 0.009555 592.3324 < 0.0001
Pw 0.00158 1 0.00158 97.95041 | <0.0001
V 0.001351 1 0.001351 83.72336 < 0.0001
PxPw 0.000465 1 0.000465 28.83379 0.0003
PxV 6.61E-05 1 6.61E-05 4.099186 0.0704
Rv XV 5.51E-05 1 | 551E-05 | 341728 | 0.0943
p? 0.000246 1 0.000246 15.22112 0.0030
Py 8.84E-05 1 | 8.84E-05 | 5479604 | 0.0413
\/2 3.54E-06 1 3.54E-06 0.219184 0.6497
Residual 0.000161 10 1.61E-05
Lack of Fit 2.85E-05 5 5.7E-06 0.214398 0.9418 not significant
Pure Error 0.000133 2.66E-05
Cor Total 0.013524 19
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R?=0.9881
Adjusted R?=0.9773
Predicted R?= 0.9697

Adequate precision= 37.654

Standard deviation = 4.016E-003
Mean=1.33
Coefficient of variation (%) = 0.30
Predicted residual error of sum of squares (PRESS) =
4.098E-004

The final mathematical model for bead width (Bw) based on the actual factors determined by

Design-Expert® 7.0 software is provided below:
BW = —0.20563+5.50250><10_3 x P +0.097813x R, —0.066875xV —1.52500><10_3 xPxR,
~2.30000x10” 4 x PxV +0.026250 x B, xV/ +5.00000x10~ 9 x P2 +0.046875x P? )

+1.50000x10~ 3 xV 2

4.4.2.2. Analysis of depth of penetration using ANNOVA

The Model F-value of 120.83 suggests that the model is significant, with a very low probability
(0.01%) of such a large value occurring due to noise. A p-value of less than 0.05 indicates that
the model terms are significant. A signal to noise ratio larger than 4 is considered to be indicative
of adequate precision. With a signal to noise ratio of 37.654, the signal is acceptable. The
ANOVA table 4.5 presents the quadratic model, which includes adequacy measures R?, adjusted
R?, and predicted R?. These measures are in close agreement and are mostly close to 1, indicating

that the model is accurate.

Table 4.5 ANOVA for response surface quadratic model of depth of penetration

Source Sum of df Mean | F Value p-value
Squares Square Prob>F
Model 0.014228 9 0.001581 | 120.8281 < 0.0001 Significant
P 0.010151 1 0.010151 | 775.8279 < 0.0001
Pw 0.001314 1 0.001314 | 100.4364 < 0.0001
\Y 0.001541 1 0.001541 | 117.7483 < 0.0001
PxPw 0.00063 1 0.00063 | 48.16172 < 0.0001
PxV 2.81E-05 1 2.81E-05 | 2.14965 0.1733
PwxV 9.11E-05 1 9.11E-05 | 6.964867 0.0248
p2 0.000398 1 0.000398 | 30.3991 0.0003
P2 0.000154 1 0.000154 | 11.79336 0.0064
V2 6.45E-05 1 6.45E-05 | 4.933587 0.0506
Residual 0.000131 10 1.31E-05
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Lack of Fit 2.2E-05 5 4.4E-06 | 0.202161 0.9480 not significant
Pure Error | 0.000109 5 2.18E-05
Cor Total 0.014359 19

Standard deviation = 3.617E-003 R?=0.9909
Mean= 1.43 Adjusted R?= 0.9827
Coefficient of variation (%) = 0.25 Predicted R?>= 0.9768
Predicted residual error of sum of squares Adequate precision=44.049

(PRESS) = 3.337E-004

The result of the ANOVA indicates that the laser power (P), pulse width (Pw), and scanning
speed (V) have significant effects on the depth of penetration. The quadratic effects of the square
of laser power (P) and pulse width (Pw), as well as the two-level interaction of laser power (P)
and pulse width (Pw) and pulse width (Pw) and scanning speed (V) are also significant. The lack
of fit F-value of 0.20 suggests that the lack of fit is not significant in comparison to the pure
error, and there is a 94.80% chance that this could be due to noise. A non-significant lack of fit is
good, as it means that the model has adequately fitted the data. The final mathematical model for
depth of penetration (Dp) in terms of actual factors as determined by Design expert software is
furnished below:

D, =+0.47966 +5.22341x107° x P +0.011619 x P, —0.18872xV —1.77500x10° x Px P,
—1.50000x107* x PxV +0.033750x P, xV +6.3636x107° x P* +0.061932 x R? 3
+6.40909%x107% xV ?

4.4.2.3. Analysis of ultimate tensile strength using ANNOVA

The ANOVA table 4.6 shows the quadratic model and its adequacy measures R?, adjusted R?,
and predicted R?, which are all close to 1. The signal to noise ratio is 27.351, indicating an
adequate signal, and the ANOVA result shows that certain model terms are significant while
others are not. The model terms with the greatest significance in relation to ultimate tensile
strength are the effects of laser power (P), pulse width (Pw), and scanning speed (V), the
quadratic effects of the square of scanning speed (V), and the two level interaction of laser power
(P) and pulse width (Pw) and laser power (P) and scanning speed (V). The lack of fit F-value is
0.89, revealing that the model fits the data well and that the lack of fit is insignificant. The final
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mathematical model for ultimate tensile strength is provided below, as determined by Design

expert software.

Table 4.6 ANOVA for response surface quadratic model of ultimate tensile strength

Source Sum of df Mean F Value p-value
Squares Square Prob > F
Model 108293.2 9 12032.58 | 56.66163 | < 0.0001 significant
P 57001.56 1 57001.56 | 268.4214 | <0.0001
Pw 9653.062 1 9653.062 | 45.45644 | <0.0001
Vv 32310.06 1 32310.06 | 152.1486 | <0.0001
PxPw 1653.125 1 1653.125 | 7.784595 0.0191
PxV 2628.125 1 2628.125 | 12.37589 0.0056
PwxV 528.125 1 528.125 | 2.48695 0.1459
P2 1014.549 1 1014.549 | 4.777528 0.0537
P2 6.87013 1 6.87013 | 0.032352 0.8609
V2 3759.013 1 3759.013 | 17.70126 0.0018
Residual 2123.585 10 212.3585
Lack of Fit | 999.5852 5 199.917 | 0.889311 0.5496 not significant
Pure Error 1124 5 224.8
Cor Total 110416.8 19
Standard deviation = 14.57 R?=0.9808
Mean= 824.60 Adjusted R?= 0.9635
Coefficient of variation (%) = 1.77 Predicted R?>= 0.9135
Predicted residual error of sum of squares Adequate precision=27.351
(PRESS) = 9555.97

The final mathematical model for ultimate tensile strength is provided below, as determined by
Design expert software.

T, =-4069.03409 +18.15159 x P +807.75568 x P, —623.28409 xV —2.87500x P x B, @
+1.45000 x P xV +81.25000x B, xV —0.010164 x P? +13.06818 x B —48.90909 xV ?

4.4.2.4. Analysis of elongation using ANNOVA.

The significance of the model is indicated by the Model F-value of 44.92, which has only a
0.01% chance of occurring due to noise. The ANOVA Table 4.7 displays other measures of
adequacy, including R?, adjusted R?, and predicted R?, for the quadratic model. The model shows

that laser power, pulse width, scanning speed, and the quadratic effects of the square of laser
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power are the most significant model terms associated with ultimate tensile strength. The lack of

fit F-value of 0.44 designates that the lack of fit is non-significant.

Table 4.7 ANOVA for response surface quadratic model of elongation

Source Sum of df Mean | F Value p-value
Squares Square Prob > F
Model 189.72 9 21.08 44,92 < 0.0001 significant
P 108.11 1 108.11 230.35 < 0.0001
Pw 14.08 1 14.08 30.00 0.0003
Vv 55.54 1 55.54 118.34 < 0.0001
PxPw 1.78 1 1.78 3.79 0.0803
PxV 0.0045 1 0.0045 0.0096 0.9238
PwxV 1.83 1 1.83 3.91 0.0763
P2 4.80 1 4.80 10.23 0.0095
R; 1.98 1 1.98 4.22 0.0669
V2 0.8647 1| 0.8647 1.84 0.2045
Residual 4.69 10 0.4693
Lack of Fit 1.44 5 0.2886 0.4440 0.8032 | not significant
Pure Error 3.25 5 0.6500
Cor Total 194.41 19
Standard deviation = 0.69 R?=0.9759
Mean= 6.69 Adjusted R?= 0.9541
Coefficient of variation (%) = 10.24 Predicted R?= 0.9163
Predicted residual error of sum of squares Adequate precision= 26.401
(PRESS) = 16.26

The final mathematical model for elongation is provided below, as determined by Design expert

software.

E, =+163.95693 —0.028657 x P —49.38949 x Ry, —21.05307 xV —0.094250 x P x Ry
+1.90000 x107 x P xV +4.78750x Ry xV +6.99x107* xP? +7.01989xR7  (5)
~0.741818 xV 2

Figures 4.11 (a-d) show the relationship between the actual and predicted values of bead width,

depth of penetration, ultimate tensile strength, and elongation. While the predicted results show

excellent concordance with the measurements, the slopes of the lines are near to 450, indicating

that the suggested models are adequate.

91




Chapter 4

Predicted vs. Actual

Predicted vs. Actual
a) 14| Bead Width b} =
15 Depth of Penetration
. = -
Color points by value of cor e b | .
" olo: oints alue O
13871 Bead width: = s 'hp f'p y valu p
= 1.281 1.387 - £ Depth of Penetration P
- 49
= < 146 1377 [ 1491
- 1.36 S
= = o=
S & =
. = 2 144 ol
B 134 - =9
2 = o
3= < =]
B s = £ 142 -
5 132 g 3 @
1= = 2
o 1 £ 14 =1
=
1.3 = 2 -
- 138 -
1.28 -
; _ ; 136
1.28 13 1.32 1.34 136 1.38 14 T T T T T
136 138 14 1.42 144 146 148 15
Actual bead width, (mm) X
Actual depth of penetration, (mm)
C) Predicted vs. Actual d) Predicted vs. Actual
950 Ultimate Tensile Strength 14 | Elongation
- -
F 900 Color points by value of - . 12 | Color points by value of
= Ultimate Tensile Strength: P Elongation: -
= o
= 655 932 c 3
£ & 10-|0s1 13.3
& s8s0 ’ = e
k3 S =Fgms S -
2 &
& 800 S -
< it = ol
-— & =]~ § -
= 2 6
£ < g
= 750 ;-]
B ¢ S a =
S
S
2 700 -
£ g 2 -
-
650 - o

650 700 750 800 850 900 950 o 2 4 6 8 10 12 14

Actual ultimate tensile strength, (MPa) Actual elongation, (%)

Figure 4.11 Plot of predicted vs. actual response of (a) bead width, (b) depth of penetration, (c)
ultimate tensile strength, and (d) elongation.

4.4.2.5. Effect of process parameters on the bead width

The effects of process parameters on the response are acknowledged through the development of
a response surface model. Figure 4.12 (a-b) display a response contour and 3-D surface plot
depicting the effect of laser power and pulse width on bead width at a fixed scanning speed of 5
mm/s. It is evident from these figures that an increase in laser power and pulse width results in
an increase in bead width due to the added energy contribution to the work piece. Pulse width is
the duration of the laser pulse for each phase, and an increase in pulse width leads to an increase
in interaction time and heat absorption by the work piece, resulting in an increase in bead width.
Figure 4.12 (c-d) outlines the impact of laser power and scanning speed on bead width at a fixed
pulse width of 5 ms, where an increase in laser power leads to an increase in bead width and an
increase in scanning speed leads to a decrease in bead width due to reduced interaction time

between the laser energy and the work piece. Figure 4.12 (e-f) shows the effect of scanning
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speed and pulse width on bead width at a fixed power of 425 W, where an increase in pulse

width leads to an increase in bead width, while an increase in scanning speed leads to a decrease

in bead width.
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Figures 4.12 (a-f): Contours and 3-D response surface plots showing the effects of input
parameters on the bead width

4.4.2.6. Effect of process parameters on the depth of penetration

Figure 4.13 (a-b) illustrates the impact of laser power and pulse width, at a constant scanning
speed, on depth of penetration through a response contour and 3-D surface plot. These figures
demonstrate that when laser power is increased, there is a greater energy penetration on the work
piece resulting in an increased depth of penetration. Pulse width also impacts depth of
penetration as an increase in pulse width increases the interaction time between the laser energy
and work piece, resulting in greater heat penetration and depth of penetration. Figure 4.13 (c-d)
shows that when laser power increases, depth of penetration also increases, but when scanning
speed increases, depth of penetration decreases due to decreased interaction time between the
laser energy and work piece. Figure 4.13 (e-f) demonstrates the effect of pulse width and
scanning speed on depth of penetration at a fixed laser power of 425 W. It shows that an increase
in pulse width results in greater depth of penetration, while an increase in scanning speed results
in decreased depth of penetration.
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Figures 4.13 (a-f): Contours and response surface plot show the effects of input parameters on
the depth of penetration

4.4.2.7. Effect of process parameters on the ultimate tensile strength (UTS)

Figure 4.14 (a-b) displays the response contour and 3-D surface plot of the effect of laser power
and pulse width on UTS, at a fixed scanning speed. It can be observed from these figures that the
ultimate tensile strength increases with an increase in laser power and pulse width. When power
is increased, more energy penetrates the workpiece, resulting in sufficient heat and a deep depth
of penetration, leading to a strong joint with high strength. Increasing the pulse width raises the
temperature of the fusion zone and reduces the amount of martensite construction in the fusion
zone, which directly increases the tensile strength and reduces the chance of cracking. With an
increase in pulse width, the interaction time between laser energy and the workpiece increases,
resulting in more heat penetration and higher strength. It is evident that a simultaneous increase
in laser power and pulse duration considerably strengthens the tensile strength by expanding the
temperature of the fusion zone and intensity of melt pool penetration. Figure 4.14 (c-d) outlines
the response contour and 3-D surface plot to demonstrate the impact of laser power and scanning
speed, at a fixed pulse width of 5 ms, on the UTS. It is revealed from the figure that ultimate
tensile strength expands as laser power is increased and declines as scanning speed is increased.

The impact of scanning speed and pulse width upon UTS, at a fixed power of 425 W, is
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identified from the response contour and 3-D surface plot in figure 4.14 (e-f). It is clear from

these figures that ultimate tensile strength increases with pulse width while decreasing with

scanning speed.
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Figures 4.14 (a-f): Contours and response surface plot show the effects of input parameters on
the ultimate tensile strength

4.4.2.8. Effect of process parameters on the % of elongation

Elongation is the primary quantity for determining flexibility performance in weld joints, when it
comes to weld joints. Figure 4.15 (a-b) illustrates the impact of laser power and pulse width on
elongation, at a fixed scanning speed of 5 mm/s, through response contour and 3-D surface plot.
It is observed that elongation increases significantly with an increase in laser power and pulse
width. Higher laser power results in more energy penetration and sufficient heat, creating a
superior melt pool and stronger fusion zone, resulting in a ductile joint with prolonged
elongation. Similarly, pulse width increases the interaction time between laser energy and work
piece, ensuring a flexible joint and an extended elongation. Figure 4.15 (c-d) outlines the impact
of laser power and scanning speed, at a fixed pulse width of 5 ms, on elongation, with an
increase in laser power resulting in an increase in elongation, and an increase in scanning speed
leading to a decrease in elongation due to inferior penetration and brittle joint. Figure 4.15 (e-f)
shows the impact of scanning speed and pulse width on elongation, at a fixed power of 425 W,
where elongation increases with pulse width and decreases with scanning speed.
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Figures 4.15 (a-f): Contours and response surface plot show the effects of input parameters on
the elongation

4.4.3. Multi-objective Optimization

The objective of the numerical optimization is to achieve desirable bead width, maximum depth
of penetration, ultimate tensile strength, and % of elongation while minimizing the cost of
operating energy. This is accomplished by using the least amount of laser power and the highest
welding speed within the design space. Table 4.8 shows the goals, lower and upper limits, and
importance of each response for numerical optimization. The different input-output relationships
obtained for bead width, depth of penetration UTS and % of elongation through ANNOVA are
already incorporated in optimization software Design matrix and constraints described in table
4.8 are also given as input to the software for optimization. Table 4.9 presents the best welding
parameter combinations based on the criteria in Table 4.8 obtained as optimum set of solutions
from Design Expert® 7.0 software. These combinations will ensure that the desirable range of
bead width, maximum depth of penetration, as well as maximum ultimate tensile strength and
elongation is achieved while minimizing the cost of operating energy. The optimum values of
UTS for the welded joint are about ~ 865 MPa, which is 99% of the ultimate tensile strength of
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the base material. However, the elongation of the welded samples has significantly decreased

compared to that of the base material. The optimal laser process parameters for obtaining a high-

quality weld joint are a laser power between 423-425 W, scanning speed of 5.3 mm/s, and pulse

width of 5.4 ms.

Table 4.8 Criteria of numerical optimization.

Parameter Goal Lower | Upper | Importance
Limit Limit

P (W) minimize 375 475 3
Pw (ms) is in range 4.6 5.4 3
V (mm/s) | maximize 4.0 6.0 3
Bw (mm) | isinrange | 1.281 1.387 3
Dp (mm) | maximize | 1.377 1.491 3
Ts (MPa) | maximize 655 932 3
EL (%) maximize 0.81 13.3 3

Table 4.9 Optimal welding condition based on the criterion

SI. P Pw (ms) \Y Bw Dp Ts EL Desirability
No. (W) (mm/s) (mm) (mm) (MPa) (%)

1 425.406 | 5.400 5.337 1.352 1.452 | 866.096 8.599 0.635

2 425.381 5.400 5.338 1.352 1.452 | 865.977 8.596 0.635

3 425.224 | 5.400 5.340 1.352 1.452 | 865.525 8.580 0.635

4 425.979 5.400 5.340 1.352 1.452 | 866.809 8.631 0.635

5 426.121 5.400 5.349 1.352 1.452 | 866.204 8.619 0.635

6 424.636 | 5.400 5.325 1.352 1.452 | 865.806 8.574 0.635

7 426.346 | 5.400 5.358 1.352 1.452 | 865.759 8.613 0.635

8 427.145 5.400 5.353 1.352 1452 | 867.641 8.682 0.635

9 423.757 5.400 5.315 1.352 1.452 | 865.247 8.541 0.635

10 423.182 5.400 5.330 1.351 1451 | 862.824 8.468 0.635

4.5. Conclusions

The use of pulsed Nd: YAG laser for butt joint welding of 2205 duplex stainless steel is studied

through experimental analysis and response surface methodology. Statistical regression models

are employed to investigate the effects of laser power, pulse width, and scanning speed on weld

bead characteristics such as depth of penetration, bead width, ultimate tensile strength, and
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elongation of welded samples. Additionally, the process parameters are optimized to obtain a

high-quality weld joint.

The study revealed that the laser power has a significant impact on the shape of the weld and the
strength and flexibility of the joint. Increasing the power results in more heat energy being
transferred to the work piece, which leads to larger melt pools at the fusion zone. This, in turn,
creates wider and deeper weld beads, resulting in higher ultimate tensile strength and elongation.
The control of weld bead geometry, as well as ultimate tensile strength and elongation, is greatly
affected by pulse width. Increasing the pulse width results in longer duration of the laser pulse
for each phase, leading to more heat energy being transferred to the work piece, causing high
temperature in the fusion zone. This reduces the number of martensite structures and results in a
larger melt pool, resulting in deeper penetration and wider bead width, which ultimately provides

better strength and elongation at the weld joint.

Scanning speed also can greatly affect the shape of a weld, its strength, and its ability to stretch.
Based on these observations, it is clear that increasing the scanning speed results in a decrease in
the depth of the weld, the width of the bead, and the strength and elongation of the metal. There
are no apparent cracks, voids, or porosity detected in the fusion zone following welding.
However, a noticeable alteration in grain growth is observed in the fusion zone compared to the
base zone. Despite the high level of heat applied, the grain structures in the base zone remained
unaffected. The heat affected zone is minimal, indicating good quality weld joints. Both ferrite
and austenite phases are clearly observed in the weld zone. For achieving a high-quality welded
joint, it is recommended to use laser process parameters such as a laser power ranging between
423-425 W, scanning speed of 5.3 mm/s and a pulse width of 5.4 ms. This will result in optimal
UTS values of approximately 865 MPa, which is 99% of the ultimate tensile strength of the base

material.
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5.1. Introduction

So far for both simulation processes we only consider thermal conductivity in isotropic and
anisotropic approach but it is obvious to consider fluid flow as in reality there is a situation of
molten metals flows, so to achieve accurate simulation it is required to include the CFD in
finite element method.

Understanding the flow characterisation inside the molten pool and formation of the weld
shape has great theoretical and engineering value. To understand the flow behaviour inside
the molten pool, numerical simulation is the best tool since it has greater flexibilities and cost
competitiveness to explore such complex phenomena efficiently. In general, the dimensions
of the geometry plays a vital role in the formation of the flow pattern in the molten pool.
Marangoni convection due to variation of surface tension may take place in thin plates and
buoyancy forces due to natural convection may dominateat the plate with higher thickness. It
would be very interesting to know the flow pattern when the thin plates is processed with a
smaller laser beam diameter. Three numerical models are developed using COMSOL
Multiphysics for thin plates considering the flow in the molten pool to be laminar in the first
model and turbulent(yPlus and k-@ model) in the two other models. A pulsed heat source is
modeled using COMSOL’s Events interface which maintains a finer time steps where the
solution changes rapidly and larger time steps when solution changes slowly. The three
models take into account the temperature dependent thermo-physical properties, tracking of
solid-liquid phase interface with keyhole, Marangoni convection and buoyancy forces. The
numerically calculated melt pool shapes from three models are compared with experimentally
calculated melt pool. Moreover, the intensity of the flow in the molten pool have been
described through nondimensional Marangoni number and Grashof number.

The high strength dual microstructure material may have complications when it is subjected
to conventional machining or joining process. Aforementioned setbacks may be overcome
when the advanced materials processing with an intense laser heat source which increases the
temperature of the material beyond its melting or boiling point.Studying the flow pattern in
the molten pool due to Marangoni and natural convections in this special class stainless steel
would be an interesting research problem. Because, an intense laser beam will create very
large temperature gradient at the surface and along the thickness of the materials than those in
conventional processes. Explorations of such phenomena through computational modeling
will help us to get a better insight of the laser welding process from a theoretical point of

view.
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In the past, most of the numerical models dealt with the formation of weld shape and keyhole
behaviour in AISI 304 stainless steel, low carbon steel, titanium, aluminium etc. So far, a
limited number of researchers have focused on the study of flow behaviour during laser beam
welding of dual microstructure Duplex stainless steel. Moreover, the researchers are
considering their molten pool as either laminar or turbulent flow while studying the laser
beam welding. However, no one has reported anywhere the appropriate the fluid flow model
which is appropriate for small size geometries. In the present study, three numerical models
are explored to compare their weld shapes with experimental weld shape and investigate the
variations in the flow patterns of three models. We will try to find the appropriate model
among the three alternatives based on the criteria of satisfactory prediction of weld shape
involving less computational time. Numerical models are computed with Intel Core i7-6700K
CPU@4.00 GHz and RAM of 64 GB.

5.2. Methodology

5.2.1. Numerical modeling

The numerical modeling with COMSOL Multiphysics is done using Non-Isothermal Flow
Interface (NITF) which combines Heat Transfer in Fluids (HT) with fluid flow for the
calculation of the flow inside the melt pool and the temperature field. To validate the weld
shape obtained numerically with that observed in experiment, three different numerical
models have been proposed. In the first model, the molten pool is considered to be laminar.
In the rest two, Reynolds-Averaged Navier-Stokes (RANS) yPlus and k-o turbulent model
are used in order to realise the effects of turbulence. Laminar and turbulent yPlus models are
solved with the fully coupled solver. Turbulent k-o model is solved with segregated solver.
In k- model, a high performance Parallel Direct Sparse Solver (PARDISO) is used to
calculate variables like velocity, pressure and temperature and iterative GMRES solver is
used to calculate turbulence variables which helps in reducing the requirement of RAM [10].
The most important physical aspects such as solid-to-liquid phase change, Marangoni
convection due to surface tension gradient and natural convection due to buoyancy forces are
incorporated in this present numerical model. A solid-to-liquid phase change phenomenon is
incorporated in the numerical model by apparent specific heat capacity method in the two

phase zone. The properties in the two-phase zone are calculated in the following way.

K =K (1' a(T))+ kliquid (O‘(T )) (1)
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P = Psolid (1' a(T))+ Pliquid (a(T )) )
CW e (—a(T)+cy .. (@T)+L 2%
P~ “Psolid Pliquid F o7 3
1 T>T,
a(T) = TT,__TT T, <T<T, ()
0 T<T

For the solid phase,«(T)=0, and for only liquid, «(T)=1. Latent heat of fusion is

considered as Lt =500 kJ/kg. The material solidus (Ts) and liquidus (T;) temperatures are
considered as 1658 K and 1773 Krespectively.

The movement of the solid-liquid interface (molten pool) is modeled through modifying the
viscosity of the fluid. A high value of dynamic viscosity is assigned for solid material,
whereas for the liquid zone, the viscosity of the liquid is assumed. Marangoni convection is
applied on the free surface in order to consider the fluid flow due to temperature-dependent
surface tension. A variation of surface tension may come from thermal or
composition/concentration effects (Eqgs. [5]), causes surface tension to vary significantly in
space, exhibiting Marangoni stresses at the free surfaces. Because of the liquid metal's
viscosity, shear stresses need to be used to counterbalance these stresses. The flow of the
weld pool is primarily driven by shear stress from areas of high to low surface tension. The
final shape of the weld can be significantly impacted by this Marangoni driven flow.

do = 2941 + 9% 4e (5)
or oc

where T and c are temperature and concentration. A nondimensional value representing the
ratio of the thermocapillary effect to the viscous forces indicates the significance of the

surface tension gradient resulting from thermal influences.
M, =|y|LAT /(ua) (6)

where L is the characteristic length scale (m), AT is the maximum temperature difference

across the interface (K), x is the dynamic viscosity (Pa.s), & is the thermal diffusivity

(m?/s),y = ‘3—? is the thermal dependence of the surface tension in N/(m.K). The absolute

value is used in the expression so that the nondimensional Marangoni number remains

positive. The above dimensionless Marangoni number expression can be rearranged in the
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following format since there is a similarity with the Rayleigh number that is relevant for

conjugate heat transfer due to Archimedes’ forces.

o VAt .
A

where vis the kinematic viscosity in (m?%/s), /%term is the thermocapillary velocity,
Yo,

(05 L) term is the thermal diffusion velocity and VL) term is the momentum diffusion

velocity.

Typical orders of magnitude for flow characterisation with the Marangoni number depend
highly on the geometry. However, a Marangoni number above 10° will usually develop
unsteady flow.The wall conditions used in the model can be seen from Figure 3. The free
surface deformation of the weld pool which also influences the internal weld pool flow and
heat and mass transfers is neglected in the present numerical models.

The Grashof number is the ratio of buoyancy force to viscous force acting on a fluid and is

defined as

3
Gr = gﬂ(T _ZTOO)L (8)

14

where g is the acceleration due to gravity, pgis the coefficient of thermal expansion, L is the
characteristic length of weld width, T is the keyhole surface temperature, T, is the fluid

temperature at the keyhole boundary surface and v is the kinematic viscosity.

107



Chapter 5

Free slip on keyhole

surfaces I

Figure 5.1 Computational domain and boundary conditions used in the present model

In the present model, the laser beam is modeled as rectangular pulsed profile and laser
intensity is considered to have constant ON (4.8 ms) and OFF time as shown in Figure 5.2.
So, a defined pulse load that turns on and off repeatedly at known times and it will heat the
surface of the plate within the fraction of the time. Modeling such a situation efficiently is
always difficult as maintaining the more number of time sub-steps within the pulse on time.
This phenomenon is modeled with Events interface which allows COMSOL Multiphysics to
take very fine time steps when there are rapid variations in the solution, whereas it maintains
coarse time steps when there are gradual variations. In COMSOL Multiphysics, to solve a
time—dependent problem the implicit time-stepping algorithm is used which choose a time
step based upon a user-specified tolerance. The solution may completely ignore the change in
heat load when the breadth of the load becomes extremely small if the tolerance is set too
loosely. During pulse off time, the finer time steps are avoided by using Explicit Events
which remind for instructing the solver to assess the answer at a predetermined time. Until
the preceding occurrence is reached, the solver will proceed as previously from that point on.
A time step variation for two pulses during events is shown in Figure 5.3. The spacing of the

red spots shows the varying time steps used by the solver.
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pulse(x) (1)
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Figure 5.3 Time step variation during the events
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The evolution of the solid-liquid interface in the workpiece is captured through the following

analytical function [11].
h(T)=(T -TOH(T -TH{T -T)+H({T -T)) ©)

where T is the solidus temperature of the material where the phase change starts, T, is the

liquidus temperature of the material where the phase change ends, and H is the Heaviside
Step Function, h is the phase transformation tracking parameter that is zero when the
material is solid and when the material reaches liquidus temperature h becomes 1. The above

analytic expression is incorporated in COMSOL using its smoothed Heaviside function.

The laser, work piece parameters and some other important parameters used in the model are
listed in Table 5.1. Moreover, normalised temperature-dependent material properties are also
shown in Figure 5.4. The solved governing equations and boundary conditions used in the

model are summarised in Table 5.2.

Table 5.1 Laser, geometric and material properties [12] used in the simulations

Laser parameters Unit Value
Laser peak power kw 3.750
Beam diameter mm 0.750
Scanning speed mm/s 55
Pulse duration ms 4.8
Frequency Hz 25
Geometry parameters

Length mm 7
Width mm 5
Thickness mm 1.5

Material properties

Phase change start temperature (Ts) K 1658
Phase change end temperature (T)) K 1773
Solidus specific heat (C p) Jkg.K 500
Apparent specific heat (C gpp) kg K 5084.6
Solidus density (p) kg/m?® 7925
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Solidus thermal conductivity
Latent heat of fusion (L¢)
Marangoni coefficient
Dynamic viscosity
Absorption coefficient

Ambient temperature (To)

W/m.K 18

kJ/kg 500

N/m.K -4.3x10*

Pa.s 0.0085
0.65

K 303

~=Specific heat (x5084.61J/(kg*K))
—— Dynamic viscosity (x100 Pa.s)

0.84 —/~Heat transfer coefficient (x496.584 W/(mZ.K))
—C=Thermal conductivity (x65 W/(m.K))

—t—Density (x7924.5 kg/m3)

Normalised thermo-physical properties

D__——D
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////
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Figure 5.4 Normalised temperature-dependent material properties of 2205 DP stainless steel

Table 5.2 Solved governing equations and boundary conditions used in the model

Equations/ | Laminar model
Conditions

Algebraic yPlus turbulence | K-o turbulence model
model

Governing ol p: solid density (kg/mq)
equations PCp ot +PCpUVT +V.g=Q+Qp +Quq k: solid thermal conductivity
for heat q=—kvT (W/m-K)

transfer in u : velocity vector (m/s)
fluid model

q: heat flux by conduction (W/m?)
Q: voulmetric heat source (W/m?)
Qp: work done by pressure change
Qua: viscous dissipation in the fluid
Cp: heat capacity at constant
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pressure (J/kg.K)
t: time (s), T: absolute temperature
(K),

V : gradient operator

Boundary | Volumetric heat source Qapplied: heat source of the laser beam
conditions 3AP ( 3y 2 J ( 3y2 J (W/m?)
for HT in Gapplied =~ €XP| =~ |&XP) ==~ A:absorption coefficient
fluid model e a b P:laser peak power (kW)
3-D . 72 a and b: laser beam radius (mm)
Conduction exp[_ _Zj * pulse t
c c:depthof the volumetric heat
sourceequalto the plate thickness
(mm)
pulse(t) :laser pulse function of time
Convective | q.orvection = N (Ts = Tamp ) Ts-: surface temperature (K)
heat flux Tamb: ambient temperature (300K)
h: heat transfer coefficient (W/m?.K)
Diffuse o 4 _T4 € emissivit
surface Aradiation = £ (TS Tamb) O : Stefan Bgltzmann constant
(Radiation) (5.6703x108 W/m?K*)
Governg P+ plo.Vhi= pSliplu. V= poplu. V=
fOI'((;FlD V-[‘ P|+ﬂ(VU+(VU)T)]+F+Pg V.[— pl+(u+ g )(Vu+(Vu)T )]+F+pg V.[— pl+ (u+ gy )(Vu+(Vu)T )]+F+pg
moae

pV.(u)=0

u - velocity vector (m/s)
p - fluid pressure (Pa)
4 - dynamic viscosity
(Pa.s)

ur -turbulent viscosity
(Pa.s)

F - external forces
applied to the
fluid(N/m?®)

I - identity matrix

g - acceleration due to
gravity (m/s?)

Re - Reynolds number
o -Cauchy stress tensor
(N/m?)

G - reciprocal wall
distance (m)

l,, - charactistics length

of the fluid (m)
u, - friction velocity

(m/s)

pV.(u):O
ok
—+puVk=
pV.(u)=0 pg PV * |
! V'[("“L”T"'k )Vk]+ P = Bo peok
Re, = p\u\ w_ M puly 0t
w = “ L =u"ly,
g ’ paﬂ‘f'p(UV)a):
ot
=)= it ool 2P, - o’
u, )
VG'VG+UWG(V-VG)=(1+ ZO'W)G4, Hr :Pg
| L Pk:ﬂT[VUZ(Vu+(Vu)T)]
w G 2

df -1 k : turbulent kinetic energy
— 2/c2\- H'H
r = U [dl*] -1 (m?/s%); w: specific
! dissipation rate (1/s); «, oy
U - Local flow velocity
(m/s); u, - friction velocity

, 64, Po, By : turbulence
model parameters;

(m/s); u™ - dimensionless
friction velocity;
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| s - fluid reference

length (m)
Momentum clL- f,)? C:mushy zone constant10e5kg/(m2.s);
in x and y- Fy = T .3 b:small number (0.001) to avoid division
directions b+ f) by zero; fi: liquid fraction; g :
C(l— f )2 gravitational constant (9.8067 m/s?)
Fy = _b+—fl3v + Pgﬂ(T —Tret ) S coefficient of thermal
|

expansion(1/K); T, : liquidus

temperature (K)
pgﬂ(T —Tref ): boussinesq approximation

for the buoyancy forces

Marangoni

{— pl +,LI(VU +(Vu)' )—%ﬂ(V.u)l}n =W, T

y : temperature derivative of the surface
tension N/(m.K)
VT : surface temperature gradient

5.2.2. Experimental setup

The experiment on Nd:YAG laser keyhole welding is carried out at CMERI Durgapur, on a

1.5 mm thick Duplex stainless steel with pulsed wave. The experiments are carried out on a

2205 DSS sheet of dimensions 100 mm x 20 mm x 1.5 mm. In the present study, only one

experiment is conducted with a peak power of 3.750 kW, scanning speed of 5.5 mm/s, beam

radius of 0.75 mm, pulse duration of 4.8 ms and laser frequency of 25 Hz in order to compare

the weld shape of three numerical models with the experimental one. Argon gas is used as the

shielding gas at a flow rate of 7 L/min. The scheme of phenomena in laser welding is shown

in Figure 5.5. The welding sample is cleaned with acetone before the process to remove the

oil and oxide films. The Nd:YAG laser machine which is used to conduct the experiment is

shown in Figure 5.6.
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Laser beam

4= Shiclding gas

| Y| — Laser

S —— Keyho]e

pr—\{0]te1) POOI

Solidified weld
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Figure 5.5 Scheme of phenomena in laser welding

s W
*Holding
fixture

Control unit

Figure 5.6 Nd:YAG laser machine setup for laser welding
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5.3. Results and Discussion

In the results and discussion section, contours of temperature with total heat flux field, the

width of the weld, the depth of the weld, the volume of the molten pool, formation of the

keyhole and velocity field in the molten pool are presented for the three simulated models

along with experimental results at t= 0.6848 s during pulsed laser welding of 2205 duplex

stainless steel.

5.3.1. Temperature iso-surfaces and heat flux vectors in the molten pool

Figures 5.7 (a-d) show the contours of temperature at different locations on the plate for the

three selected models, and the arrows indicate the velocity vector.

V20350 DT I A 0151
2936928 12742902 2058.7681 2843.246 3627.7239

(@) Unmagnified view of Laminar model

A 4572
45719915
44530756
40152437
35774118
3139.5799
2701748
22638161
1826.0842

1388.2523

950.4204

(c) Magnified view of yPlus model

Figure 5.7 Contours of temperature and total heat flux vectors in the molten pool
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5.3.2. Width of the weld

Figure 5.8(a) shows the cross-sectional (front view) profiles of the experimental workpiece

and the same for the three numerical models are shown in figures 5.8(b-d). Since the model is
considered symmetric, only half of the weld width is shown in these figures. The width of the
weld is measured at five equi-spaced locations from the top to the bottom of the plate surface.
It can be observed from figures that there is a considerable difference in the width of weld for
laminar and yPlus models than that obtained from the experimental result. On the contrary,
the closest agreementof weld width is obtained from turbulent k-@ model.It is also seenthat
the calculated widths of the weld from laminar and yPlus models indicate almost identical to
each other. Table 5.4 summarises the weld width at five locations obtained from experimental

observations and numerical models and their percentage deviation.

a) Locations of the measured experimental b) Laminar model weld width
weld width
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Figure 5.8 Comparison of the numerically obtained weld width with experiment

Table 5.3 Comparison of experimental and simulation results for width of the weld

Sl. Experimental Laminar model yPlus model k- model
N | Total | Half La

) s YRy | % Error kKo
0 | widt width v % Error v Y %Error

(mm) (mm)
h (mm) | (mm) (e, - s, ) Ex,, - ko, )
(mm) - T x 100 (EXW - yPW) 100 1 EXW x 100
W EXW

1 1362 | 0.681 0.42 | 38.07636 | 0.424 | 37.76799 |0.637 | 6.417034
2 10927 | 0.464 04| 1464941 |0.396| 1451996 | 0.566 | -22.1359
3 10.735| 0.368 0.37 -1.06122 0.367 | 0.081633 | 0.456 | -23.9728
4 10537 | 0.269 0.24 | 1232775 |0.254 | 5.437616 | 0.308 | -14.5624
5 10435 | 0.218 0.02 89.6092 0.036 | 83.49425 |0.174 20

5.3.3. Depth of the weld

Figures 5.9 (a-c) show the cross-sectional (ZX-Plane) depth of the weld during laser welding

of DP steel. It is observed that turbulent k- model predicts a wider and deeper weld fusion

zone than other two models considered. Even so, the predicted weld pool shapeof these

two

othermodels also approaches the bottom of the plate surface which can be noticed from

figures 5.10 (a) and (b).Therefore, using turbulent k- model which solves additi

onal

transport equations, it is feasible to find the appropriate the weld pool dimensions which

matches fairly well with those obtained fromthe experimental weld pool geometry.
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(@) Experiment Vs Laminar model weld depth (b) Experiment Vs yPlus model weld
depth

(c) Experiment Vs k- model weld depth

Figure 5.9 Comparison of the numerically obtained weld depth with experiment

5.3.4. Volume of the molten pool

Figures 5.10 (a-c) show the volume of the molten pool with a surface arrow plot which
indicate the velocity vectors during the process. It is noticed that the liquid moves from the
center of the fusion zone to its edge in the three models. Generally, steel plates used have
negative surface tension gradient since it containsless sulphur (S < 30 ppm), thus, flow is

taking place in-to-out in the molten pool. However, the turbulent k-& model predicts a little
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intense flow at the bottom of the plate surface compared to other two models.This intense
flow leads to achieve a betterprediction of the weld bead geometries with the experimental
results, although the direction of the liquid flow is nearly identical among the three models. It
is better to avoid the laminar model to investigate the flow behaviour inside the molten pool
although ittakes minimum computational time. The k-o model, predicts a molten pool

volume of 0.739 mm?® whereas the laminar and yPlus models predict 0.410 mm?® and 0.412

mm?, respectively, as can be seen in figure 5.11.

(c) Volume of the molten pool (k- model)

Figure 5.10 Comparison of the numerically obtained volume of the molten pool
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Figure 5.11 Volume of the molten pool for three models

5.3.5. Keyhole formation

Figures 5.12(a-c) depict the developed keyhole along with molten pool for the three models
at t=0.6848 s. Till date, most of the literature suggests a large number of studies has been
conducted on the development of keyhole with time during the welding process. However,
the present study mostly deals with the selection of the suitable numerical model which can
be used to investigate the flow behaviour in the molten pool. So, the study of the evlutionof
the keyhole with time is not discussed here.However, the shape of the keyhole at a particular
time instant is discussed here. From the simulation results, it is observed that the depth and
volume of the keyhole also varyfromnumerical model to model. The maximum depth of the
keyhole is obtained for the k- model followed by yPlus and laminar models. This is because
of the fact that maximum temperature is achieved usingthe plate for K-o model in

comparison to those fromthe other two models.
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(c) Molten pool with keyhole (k- model)

Figure 5.12 Comparison of the numerically obtained keyhole

5.3.6. Velocity field in the molten pool

Figures 5.13(a-c) show the iso-surfaces of velocity with velocity vectors in the symmetry
plane of the weld pool along the welding line. It is observed that the flow behaviour at the top
surface is mainly influenced by Marangoni convection due to a high surface tension gradient.
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Because, the flow is directed from the hot center region to the boundaries which are atmelting
temperature. Moreover, due to lift force caused by buoyancy, the liquid moves towards to the
top surface from the bottom of the weld pool. However, compared to Marangoni effect,
buoyancy has much little influencefor thecase ofthe thin plates. That is why, the peak values
in the velocity magnitude are located at the free edge of the molten pool and moves towards
the edge of the weld pool for all models. The maximum fluid velocity is obtained at about
0.3602 m/s fromthe k-@ model. The maximum fluid velocities for laminar and yPlus models
are obtainedas 0.2049 m/s and 0.237 m/s, respectively.Moreover, the dimensionless numbers
(Marangoni, Grashof) are calculated to describe the intensity of the flow within the molten
pool. The Marangoni number is one of the determining numbers that characterise the flow in
laser molten pools. Generally, Marangoni numbers in laser molten pools vary between 10?-
10°.The flow becomes turbulent if Marangoni number exceeds the value of 10°.In the present
study, the values of Marangoni numbers obtained from laminar, yPlus and k- models are
9.37x103%, 1.03x10% and 1.89x10* respectively. The obtained values indicate that the flow in
the molten pool may be a steady one. The obtained Marangoni numbers are shown in figure
5.14. Moreover, the characteristics of the flow in laser molten pools is determined by one
more dimensionless number, that isGrashof number. The calculated value of the Grashof
number from figure 5.15 shows that the fluid flow inside the melt pool is dominated by the

surface tension force (Marangoni convection), while Buoyancy force plays a negligible

role.The time taken for each computational model is listed in Table 5.5.

V6.4843x 10" T N A 02049 V8.2542x10™ T O A 0237
0.05 0.1 0.15 0.2 0.05 0.1 0.15 0.2
(a) Velocity magnitude(Laminar) (b) Velocity magnitude(yPlus)
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V¥ 1.9876x10° T O A 03502
0.1 0.2 0.3

(c) Velocity magnitude(K-oa' model)
Figure 5.13 Comparison of the numerically obtained velocity magnitude distribution
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Figure 5.14 Numerically calculated Marangoni numbers
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Figure 5.15 Numerically calculated Grashof numbers
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Table 5.4 Performance of the computational domains

Numerical models No of elements Computational time
Laminar 8 hrs, 53 min, 28 s
yPlus 42,866 tetrahedral 3-D elements | 14 hrs, 59 min, 32 s
K-m 4 days, 15 hrs, 20 min

5.3.7. Comparison of experimental results with all simulation models(CFED, Anisotropic,

Isotropic)

We have compared the experimental results for bead width and depth of penetration of

welding and listed in table 5.5 (bead width) and table 5.6 (depth of penetration). It is evident
from both the tables that experimental result matches best with CFD model in comparison to
anisotropic and isotropic model.

Figures 5.16 (a-c) show the comparative view of experimental cross-sectional area with CFD,
anisotropic and isotropic model (ZX-Plane) cross-sectional area for the weld during laser
welding of Duplex steel. It is observed that using CFD turbulent k-o model, it is feasible to
find the appropriate weld pool dimensions which matches fairly well with those obtained

from the experimental weld pool geometry than anisotropic and isotropic model.

Table 5.5 Comparison of experimental, CFD model simulation, Anisotropic model simulation
and Isotropic model simulation results for Bead width of the weld

Sl. . k-® model Anisotropic Isotropic
No. Experimental (CED) model model
1 1.362 1.274 1 0.8
2 0.927 1.132 0.76 0.6
3 0.735 0.912 0.4 0.3
4 0.537 0.616 0 0
5 0.435 0.348 0 0

Table 5.6 Comparison of experimental, CFD model simulation, Anisotropic model simulation
and Isotropic model simulation results for Depth of penetration of the weld

Experimental k- model Anisotropic Isotropic
b (CED) model model
15 15 1.1 0.82
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©

Figure 5.16 Comparison of the numerically obtained weld depth with experiment: (a)
Isotropic model vs experimental result, (b) Anisotropic model vs experimental result, (c)
CFD model vs experimental result

5.4. Conclusion

Flow behaviour during pulsed laser beam welding of 2205 duplex stainless steel is
investigated through three numerical models such as laminar, yPlus and turbulent k-w. The
temperature and velocity fields in the molten pool are simulated through the considered
models. The numerically calculated weld bead geometries are validated with experimental
results and fair agreements are obtained. The following conclusions can be drawn from the
present study.

1. The obtained Peclet numbers from three models confirms that the convective heat
transfer rate is more dominant one over conductive heat transfer rate in the molten
pool.

2. Laminar and algebraic yPlus turbulence models are robust and least computationally
intensive compared to the other turbulence model. Moreover, it does not require to

solve any additional transport equation. Since they are generally the least accurate
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models, the weld bead geometries obtained from these two models are not very close
to the experimental observations. On the other hand, the turbulent k- model provides
a wider and deeper weld fusion zone which is closer to the experimental findings than
othertwo considered models.

3. The k-0 model predicts amolten pool volume of 0.739 mm? whereas the laminar and
yPlus yield 0.410 mm? and 0.412 mm3, respectively. However, by comparing three
models, the direction of the liquid flow and the flow patterns are almost identical. So,
one can choose the laminar model to investigate the flow behaviour inside the molten
pool, since it requires the least computational time and the k- model can be used to
predictthe appropriate weld bead geometries and dimensions.

4. The liquid flow is directed from the hot center region to the boundaries of the molten
pool. The peak values in the velocity magnitude are located at the free edge of the
molten pool and moves towards the edge of the weld pool for all models which
indicates that flow is mainly influenced by Marangoni convection due to surface
tension forces.

5. The value of Marangoni numbers obtained from thelaminar, yPlus and k- models are
9.37x10%, 1.03x10% and 1.89x10* respectively. Similarly, Grashofnumbers obtained
from the laminar, yPlus and k-o models are 16.9815, 18.8088, and 78.1247,
respectively. The obtained dimensionless numbers indicatethat the flow is steady in
the molten pool during pulsed laser beam welding of 2205 duplex stainless steel.

6. The comparison between experimental result with Isotropic, Anisotropic and CFD
model reveals that CFD model offeres best match with experiment in terms of bead

width and depth of penetration.
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Chapter 6

6.1 General Conclusions

A comparative investigation among numerical and experimental procedure of laser welding
of 2205 duplex stainless steel for but joint is carried out in present research to realize
optimum process parameters for achieving satisfactory weld joint properties. In this laser
welding process, laser power, welding speed, beam diameter and pulse width are considered
as process parameters to obtain full depth of penetration, narrow bead width, maximum
ultimate tensile strength (UTS) and maximum ductility or elongation as response parameters.
The observations and findings in the present thesis can be concluded as follows:

1. A three-dimensional thermal analysis of laser welding, with transient heat source, is
performed through designing a numerical model using finite element method,
considering phase change, employing COMSOL MULTIPHYSICS software. The
model is developed considering conduction mode heat transfer, to classify
constraining standards of process parameters for acquiring desirable response values.
At the beginning we considered isotropic approach and primarily compared the
simulated results with published work of Batahgy (2011) and Shanmugam (2012) and
observed that though the results from present numerical model are in good agreement
with published results, it needs improvement.

2. Applying this method, we completed an array of simulations and developed
correlation among process and response parameters employing response surface
methodology and depending on multiobjective optimisation criterion optimum
process parameters are identified through Design Expert 7.0 software to get a safe
operating window.

3. Optimum solution obtained as: At power 400 W, welding speed 683.82 mm/min and
beam diameter 0.7 mm minimum bead width and maximum depth of penetration is
achieved.

4. In the next step we decided to apply anisotropic approach in simulation model to get
more accuracy in results as isotropic properties are not exactly followed in actual heat
transfer method. We have completed a number of experimental studies with same
process parameters and validated experimental results with anisotropic based
simulation model. The comparison shows an improved match between simulation and
experimental results in respect to bead width and depth of penetration. Microstructure
of welds are inspected with the help of optical microscope and SEM to measure depth

of penetration and bead width. Though in numerical method we can predict only
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depth of penetration, bead width and maximum temperature but in reality, the quality
of weld depends also on the strength and ductility of the joints. In experimental
investigations we studied mechanical properties such as ultimate tensile strength,
elongation, microhardness of weld joints as well as base metal. We noticed a clear
change of strength and elongation in weld joints compared to the base metal. Based
on simulated results from anisotropic approach the optimum condition which we
found earlier in isotropic approach has been differed as mechanical property inclusion
was done. In this case we acquire maximum depth of penetration, minimum bead
width, maximum UTS, maximum elongation and maximum microhardness at Power
425 W, welding speed 5 mm/s and pulse width 5 ms.

5. Hence the inclusion of mechanical properties in output response while identifying the
optimum process parameters is felt necessary. So, we have designed a matrix of
varied process parameters for experimental investigations and evaluated the responses
like depth of penetration, bead width along with ultimate tensile strength and
elongation and to achieve an optimal set of process parameters. Besides, functional
correlation between process and response parameters is developed using the same
statistical analysis method named Response surface methodology employing design
expert 7.0 software. Here we found again a different set of optimum conditions which
ensures better mechanical properties along with better bead geometry for laser weld
samples.

6. Optimum process parameters obtained are as: At power 427.145 W, welding speed
5.353 mm/s and pulse width 5.4 ms desired bead width, maximum depth of
penetration, maximum UTS and maximum elongation is achieved.

7. Only considering anisotropic approach for simulation of welding process is not
enough because it is obvious to consider fluid flow as in reality there is a situation
where molten metals flow. Hence to achieve more accurate simulation it is required
to include the CFD in finite element method for simulation. Three numerical models
are employed using COMSOL Multiphysics for thin plates considering the flow in the
molten pool to be laminar in the first model and turbulent (yPlus and k-o model) in
the two other models. The simulated results for bead width and depth of penetration,
of these three models are compared with experimental investigation for one set of
process parameters and it is identified that bead geometry obtained from k- model is

closer to the experimental findings than other two models. With CFD approach,
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optimization of process parameters is not accomplished as it is a long process, so we
decided to explore this in future.

8. We also designed two simulation programs with same process parameters in
anisotropic and isotropic model to compare the results i.e., bead width and depth of
penetration, with CFD model and experimental study. The comparative study reveals
that the bead geometry of CFD model offers best match with experiment than the

bead geometry of anisotropic and isotropic model.

6.2 Future Scope

The present research is restricted in thermal analysis for numerical model which is capable of
predicting bead width and depth of penetration only. In experimental study we have done one
kind of joints where in diverse industries different types of joints are extensively used. We
compared experimental and numerical investigations for one set of process parameters while
every set of input can produce diverse outcomes. Moreover, in present research only depth of
penetration and bead width was compared while mechanical deformation is also very much

important in welding process. So future work can be explored in subsequent guidelines.

1. In future, we will try to incorporate mechanical analysis in this model to evaluate
mechanical deformation of weld joints.

2. After incorporating CFD approach we did not done optimization of process
parameters, in future we will find optimum condition for this approach and observe
the difference from other simulation model and experiments. In next step we will
correlate CFD simulations with experiments and will try to develop mathematical
equations to predict other mechanical responses.

3. Additionally, we can compare every set of experiments with simulation model (CFD)
and we will evaluate a detailed comparative study not only among depth of
penetration and bead width but also for mechanical properties like ultimate tensile
strength and elongation.

4. In further research other types of weld joints such as T, lap can be explored
considering numerical and experimental investigations for getting better insight of the

process and to be used more extensively in various industry applications.
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