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ABSTRACT

This research aimed to enhance the capabilities of laser bending by exploring forced
cooling and investigating other performance parameters of the bent specimen. The study
focused on the feasibility of laser bending of high-strength dual-phase stainless steel
(duplex-2205) and the post-bending effects on material properties. A finite element-
based 3D numerical model was developed and experimentally validated for laser
bending. Single-scan laser bending was simulated and experimented under natural and
forced cooling conditions to analyze the effects of various process parameters. The
feasibility of forced cooling was studied using an aluminium alloy. An experimental
setup with real-time bend angle and temperature measurement capability was
established. Experimental studies were conducted for both single and multi-scan laser
bending under different cooling conditions, analyzing the effects of process parameters
on bend angles and material properties.

In the pilot study, a 3D numerical model incorporating temperature-dependent material
and heat loss by convection and radiation was developed. Experimental validation of
the model showed good agreement between numerical and experimental results.
Numerical simulations of single-scan laser bending revealed the bending mechanism
and the influence of line energy, laser power, and scanning speed on bend angle and
edge effects. The mechanical properties of the bent specimens were compared to the
base material, showing increased hardness and reduced ductility. Numerical simulations
of single-scan laser bending with forced cooling demonstrated significantly increased
bend angles at high line energy parameters. A robust experimental setup was developed,
and feasibility studies with an aluminium alloy showed reduced coating degradation and

increased bend angles with forced cooling.

Forced cooling assisted single-scan laser bending experiments on duplex-2205 revealed
reduced maximum temperature and increased cooling rates with forced cooling. The
application of forced cooling led to a significant increment (35.2%) in the bend angle
on the bottom surface of the sheet. The effectiveness of forced cooling was influenced
by process parameters, with lower scanning speed, intermediate beam diameter, and
higher laser power being more effective. The forced cooling assisted laser-bent

specimens exhibited improved hardness and tensile strength compared to naturally



cooled specimens. The phase distribution showed variations at the upper surface in the

scanning region, while the lower surface resembled the base material.

In the forced cooling assisted multi-scan laser bending study at high line energy,
experiments were conducted under various process conditions. The forced cooling
significantly enhanced bend angles, with a maximum increment of 427% observed. The
effect of process parameters exhibited different trends compared to natural cooling. The
bend angle per scan increased with the number of scans in forced cooling, reaching a
maximum bend angle per scan that was around 300% higher than that achieved in
natural cooling. The microstructural analysis revealed the influence of cooling on the
ratio of ferrite and austenite phases, resulting in increased hardness and tensile strength
but reduced ductility. Corrosion behavior analysis indicated a decreased pitting potential
in forced-cooled samples.

For forced cooling assisted multi-scan laser bending at low line energy, experiments
were conducted under different cooling conditions. The temperature distribution along
the scanning line showed a decrease in average maximum temperature with an increase
in laser power. Forced cooling resulted in a reduced heat-affected zone compared to
natural cooling. The bend angle achieved in forced cooling was lower than in natural
cooling for low line energy parameters but increased with laser power and line energy.
The waiting time between successive scans and the number of scans required to achieve
the desired bend angle was reduced in forced cooling conditions. The bent specimens
exhibited improved tensile strength and hardness, with the forced cooling condition
demonstrating the highest values. The microstructure showed increased ferrite content

and a more refined grain structure in the forced cooling condition.

This research significantly contributes to advancing laser bending technology by
improving bend angles and understanding the effects of forced cooling on material
properties. The findings provide valuable insights for improving manufacturing
productivity and have the potential to optimize laser bending processes in various
industries such as microelectronics, aerospace, and marine, where high deformation

with good precision is a prime requirement.
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CHAPTER 1

INTRODUCTION

1.1. Background

Forming is one of the prominent manufacturing methods due to its ability to improve
mechanical properties, minimize material waste, and achieve high production rates
(Klocke, 2008). The process involves reshaping the materials using plastic deformation
by applying stresses, such as tensile, compressive, or shear stresses. These stresses are
governed by the energy given to the workpiece in the form of mechanical, thermal, or
electrical energy. Mechanical energy is commonly used in the processes like rolling,
forging, drawing, extrusion, deep drawing, spinning, and embossing (Banabic, 2007).
But, forming high-strength and brittle materials using only mechanical energy is
difficult; therefore, thermal energy is often used as an assistive method, and it is called
hot forming. Thermal energy is not only used to assist mechanical energy but can also

cause deformation independently, as in flame bending.

In flame bending, heat is supplied in a narrow region along the bending line of the
workpiece using an oxy-propane flame. The heating reduces the yield strength of the
material and, due to non-uniform heating, generates thermal stresses (Das and Biswas,
2018; Frank Hanus, 1999). The heated region attempts to expand, but since the adjacent
area restricts it, compressive stresses are generated at that particular region (Moshaiov
and Latorre, 1985). Due to the compressive stress and decreased yield strength in the
heated region, the material undergoes compressive plastic deformation (Hwang et al.,
2021). During cooling, the materials on the adjacent side of the heated region attempt
to contract in order to restore their original shape. This leads to increased material
contraction within the deformed region, resulting in the bending of the worksheet
(Hemmati and Shin, 2007). This process is beneficial for job and batch production of
large-size products, as large tooling is not required and is also suitable to deform high-
strength and brittle materials. Some limitations associated with this process include

large heat-affected area, poor controllability, difficulty in automating, and the



requirement of skilled workers (Moshaiov and Vorus, 1987). These limitations can be
overcome to a large extent by using laser power as the heat source instead of oxy-
propane flame (Scully, 1987).

Laser is a highly focused, monochromatic, and coherent beam having various unique
properties such as high energy density, good controllability, less heat-affected area,
rapid heating, easy portability and automation, etc., (Dutta Majumdar and Manna,
2011). These properties make it one of the most favorable tools in the automobile,
aerospace, electronics, marine, medical, and other manufacturing industries. Nowadays,
it is one of the most suitable manufacturing tools in various processes: cutting, welding,
machining, surface treatment, polishing, additive manufacturing, and forming
(Padmanabham and Bathe, 2018; W. M. Steen, 1997). Laser power can provide a more
precise and controllable heat source, resulting in a smaller heat-affected zone, better
process control, and easier automation. So, laser power can be used instead of an oxy-

propane flame for bending and known as laser bending.
1.2. Laser Bending

In recent years, laser bending gained significant attention because of its advantages over
traditional bending processes. It offers high accuracy, fast processing time, good
controllability, excellent flexibility, and the ability to produce complex shapes (Dixit et
al., 2015). There is no requirement of specific dies and tools for shaping the sheets,
making modifying product design more effortless and ultimately reducing the
production cost. Because of these qualities, laser bending has become a popular
technique in the manufacturing industry, especially in the automotive, aerospace,

medical, and electronics sectors (R. Kant et al., 2016).

As shown in the schematic (Figure 1-1), a defocused laser beam is used to fabricate
sheet metal components. The sheet is clamped from one edge, and the other edge is free.
The laser is irradiated linearly parallel to the free end by moving the worksheet or laser
head with the help of a CNC system. It causes localized heating that creates a non-
uniform temperature field. This non-uniform temperature distribution causes thermal
stresses in the sheet material. The sheet will deform permanently when these thermal
stresses exceed the temperature-dependent flow stress. The laser bending process can

be used for various materials: metals, alloys, ceramics, plastics, composites, metal



foams, and bimetal sheets (Safari et al., 2020a). The process is used to bend sheets,
plates, rods, and pipes. The bending geometry is not limited to straight line bending but

curvilinear bending, and 3D complex shapes are also explored.
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Figure 1-1. Schematic of the laser bending process
1.3. History of Laser Bending

The following table provides an overview of the historical developments in laser
bending process. It highlights key studies, their outcomes, and significant contributions

made by researchers over the years.

The historical developments in laser bending have showcased remarkable advancements
in understanding the process, exploring new materials, predicting bend angles, and
optimizing parameters, ultimately paving the way for its practical applications in various

industries.
1.4. Advantages

Laser bending offers several advantages over traditional bending methods, including:

Excellent controllability: Laser offers quick and precise control on energy input, which

gives good control over the process (Hennige et al., 1997; Steen, 2003)

High precision: Laser bending allows precise control over the bending angle and radius,
making it ideal for producing complex shapes (Hennige et al., 1997; J. Widlaszewski,
1997).



Table 1-1. History of the advancements in the field of laser bending

Reference

Study

Outcome

(N. Kitamura, 1983)

High-power laser used for sheet bending for

the first time

The sheet can be precisely bent by laser without any external force.

(Deacon, 1984)

Investigated the metallurgical aspect of laser-
bent HY-80 steel sheet

Observed grain growth and carbide segregation. Recommended multi-
pass bending with low energy parameters instead of a single scan with

high energy parameters.

(Biegeleisen, 1986)

Analyzed deflection and residual stresses

during laser bending

Developed an algorithm to calculate residual stresses for compound

shapes, including cone, sine, saddle, and dish.

(Geiger and Vollertsen,
1993)(Vollertsen, 1994)

Explored the mechanism of laser bending and

proposed a two-layer analytical model

The model explained the influence of sheet thickness and thermal
expansion coefficient on bending. Based on the temperature distribution,

a temperature gradient mechanism was proposed.

(Geiger et al., 1993)

First time used the laser bending process for

practical application

Proposed the use of laser bending for straightening car body shells.

(Arnet and Vollertsen,
1995)

Explored the buckling mechanism for the first

time

Proposed that convex bending can be achieved by varying process

parameters. Discussed three different mechanisms.

(Vollertsen et al., 1995)

Proposed an analytical model to predict the

bend angle in the buckling mechanism

Developed an analytical model that can generate a bend angle of 10

degrees in one scan.

(Yau et al., 1996)

Explored laser bending of metal matrix

composite sheet for the first time

Successfully bent an Al-based metal matrix composite using laser bending

process. Generated a bend angle of 80 degrees in 200 scans.

(Hsiao, 1997; Hsiao et
al., 1997)

Conducted the first finite element modeling of

the laser bending process

Developed a finite element thermo-mechanical model for laser bending

process

(Thomson and Pridham,
1997a)

Applied a feedback control system with laser

bending process for the first time

Formulated process design principles for different shapes, including

dome, V-bend saddle, using a feedback control system.

(Mucha et al., 1997)

Investigated laser bending of thick sheet

Developed an analytical model for thick sheet laser bending.

Cheng and Lin, 2000)

predict the bend angle

(Hennige, 2000) | Used laser bending for 3D shape generation | Investigated different scanning strategies for spherical dome shape
(Edwardson et al., 2001) | for the first time formation.
(Chen et al., 2002; | Used neural networks for the first time to | The bend angle prediction using neural network was in good agreement

with experiments.

(Li and Yao, 2001)

Explored laser bending of tubes

Investigated the mechanism of tube bending and developed an analytical

model for bend angle prediction.

(Cheng and Yao, 2001)

Explored cooling effects in laser bending for

the first time

Applied forced air cooling and investigated the bend angle, total forming
time, and material properties with and without cooling. Reported a
significant reduction in total forming time with cooling, although it

slightly reduced ductility.

(Bao and Yao, 2001a)

First dedicated study on edge effect

Analyzed the edge effect for TGM and buckling mechanisms. Discussed
the variation in edge effect with process parameters and proposed an

analytical model for edge effect prediction.

(Hao and Li,
2003b)

2003a,

Conducted EFM and analytical analysis on

laser tube bending

Analyzed laser tube bending using EFM analysis.

(Chen et al., 2004)

Explored curvature bending for the first time

Investigated strain and deformation behavior along the length and width

of the worksheet.

geometrical influence on laser bending during

multi-scan

(Guan et al., 2005) Investigated the influence of material | Found that the bend angle reduces with an increase in Young's modulus,
properties on laser bending yield strength, density, thermal conductivity, and specific heat, while it

increases with the thermal expansion coefficient.
(Edwardson et al., 2006) | Conducted a dedicated study on the | Observed that in multi-scan bending, the beam shape's geometry changed

due to bending, which reduced the bend angle. Clamping with a v-block

gave better results than cantilever clamping.

(Birnbaum et al., 2007)

Investigated the effect of clamping of the sheet

Found that clamping has no significant effect on the bend angle.

(Shen et al., 2007)

Attempted laser bending with variable

scanning speed to reduce the edge effect

Observed a significant reduction in the edge effect by varying the scanning

speed.

(Shen et al., 2008)

Explored laser bending of bilayer systems of

metal-ceramic

Developed an analytical model for bend angle prediction in a bilayer plate
of aluminum alloy and silicon carbide ceramic. The model showed good

agreement with simulation results.




(Wu et al., 2009)

Attempted laser bending of brittle materials

Experimentally explored laser bending of single crystal silicon,

borosilicate glass, and Al,O; ceramic.

(Guglielmotti et
2009; Quadrini et al.,
2010)

al.,

Explored laser bending of metal foam for the

first time

Found laser bending to be a feasible solution for bending aluminum foam

without affecting the surface integrity of the foam.

(Roohi et al., 2012)

Explored external force-assisted laser bending

Found that external force assistance significantly increased the bend angle.

(Xu et al., 2015)

Explored the effect of preloading in laser

bending

The preloading helps in the formation of complex curved shapes

(R. Kant
2016)

and Joshi,

Explored the laser bending of magnesium

alloy sheet.

Laser bending can be a prominent tool for forming of magnesium alloy.

(Folkersma et al., 2016c)

Attampted the alignment of optical fibers

using laser bending process

The laser bending process found to be a significant tool for precise

alignment.

(Froend et al., 2017)

Explored the laser bending of dissimilar

titanium welded joints

Found that laser bending is suitable for the straitghtneing of the welded

joints.

(Thomsen et al., 2018)

Investigated the impact of cooling on edge
effect

Reported that cooling has no significant impact on edge effect during laser
bending

(Seyedkashi et al., 2018)

Analysed the feasibility of underwater laser

bending for the first time

Laser bending can be used for underwater deformation

(Abedi and Gollo, 2019)

Investigated the effect of surface roughness

and coating thickness on laser bending process

Results revealed that the surface roughness has positive effect in laser
bending whereas coating thickness should be optimized for higher bend

angle

(Kotobi et al., 2019)

Experimental and numerical analysis of steel-
titanium bimetal sheets were performed for

laser bending

Results showed that bimetal sheets can be formed precisely using laser

bending process

(Safari et al., 2020b)

Attmpted to generate complex saddle shaped

surfaces using laser bending process

Laser bending found to be a significant process for generation of complex

3D surfaces




Negligible spring back: The deformation that occurred in this process is majorly plastic,

results in negligible spring back. Which again offers good dimensional accuracy and
precision (Yocom et al., 2018).

Low tooling costs: Laser bending does not require expensive dies or tooling, making it

a cost-effective process (Yocom et al., 2018).

Fast setup time: As no specific tooling arrangement is required, it can be set up quickly

and reduce production lead times.

High flexibility: As tools and dies are not required, it is easy to alter the product design.

It gives more flexibility to produce complex shapes that are difficult to achieve with
conventional methods (Lazarus and Smith, 2017).

Reduced material waste: Laser bending can be used to produce components with

minimal scrap material, reducing material waste and lowering costs. It also reduces the

material used in dies for different product designs.

Process hard-to-form materials: Hard and brittle materials which are very difficult to

form with conventional forming processes can be formed easily.

Low heat-affected area: Laser is a highly focused tool that offers less heat-affected area,

which makes the process suitable for heat-sensitive materials as well.

Easy automation: The process can be easily programmable, which leads to easy

automation.

Forming in inaccessible areas: The easy transportation of laser beams through fiber

cables and mirrors offers the potential for forming in inaccessible areas.
1.5. Limitations

Material limitation: Materials with highly reflective surfaces cannot be processed with

laser bending.

Production limitation: The process is limited to small bend angles, and multiple scans

are required for large deformations. The process is slow than the conventional processes

for mass production.

Quality limitation: Excessive heating may cause melting and material degradation;

material properties may deteriorate.



Capital cost: Higher capital investment is required in comparison to conventional

machine tools.
1.6. Applications

This technology has found a wide range of applications across various industries, some
of which include:

Automotive industry: Laser bending is commonly used in the automotive industry to
shape metal parts for car bodies, such as door frames, fenders, and hood panels. It offers
an efficient and precise way to create complex curves and shapes (Geiger et al., 1993;
Magee et al., 1998a).

Aerospace industry: In the aerospace industry, laser bending is used to shape and form

parts for aircraft and spacecraft. It is particularly useful for creating complex shapes and
contours that are difficult to achieve with traditional methods (Blake, 1996) (Siqueira et
al., 2016).

Medical industry: Laser bending is used in the medical industry to create custom

orthodontic devices, such as dental braces and aligners. It can also be used to create

medical implants and prosthetics (Cook et al., 2016).

Electronics industry: Laser bending is used to shape and form metal components for

electronic devices, such as smartphones and tablets. It can create precise shapes and
features that are required for these devices (Yau et al., 1998) (Magee et al., 1998a)
(Seyedkashi et al., 2016).

Jewelry industry: Laser bending is used in the jewelry industry to create intricate and

delicate designs. It allows jewelers to create unique shapes and patterns that would be
difficult or impossible to achieve with traditional methods (Silve and Zhao, 2004; Silve,
2006).

Rapid Prototyping: Laser bending is a prominent tool for rapid prototyping because of
its ability to form near-net shapes with excellent precision and controllability (Blake,
1996; Pridham and Thomson, 1994; Thomson and Pridham, 1997b).

Art industry: Laser bending is used in the art industry to create sculptures and other
works of art. It allows artists to create complex shapes and forms that would be difficult

or impossible to achieve with traditional methods (Dearden and Edwardson, 2003).



Alignment and adjustment: This process is very much precise and cost-effective for

fitting and maintenance of parts. It can be used for straightening and other shape
correction in body parts of sheet metal (Blake, 1996; Blake et al., 1997; Geiger et al.,
1993; Hoving, 1997; Olowinsky et al., 1998).

Overall, laser bending offers a range of benefits, including precision, speed, and
versatility. As such, it will likely find increasing use across various industries in the

future.

1.7. Motivation

Duplex-2205 is a member of the stainless-steel family that consists of a two-phase
microstructure, i.e., ferrite and austenite (Tathgir et al., 2020, 2019). The material
possesses high mechanical strength, corrosive resistance, fatigue resistance, wear
resistance, good weld-ability, and superplastic behavior (Ghosh et al., 2019; Kim et al.,
2015). These properties make it suitable for chemical storage, marine chemical tankers,
railway wagons, pressure vessels, heat exchangers, condensers in chemical industries,
coastal works, oil and gas industries pipelines, and large structures like bridges, tunnels,
and architectures (Davidson and Singamneni, 2016; Davidson et al., 2021). However,
hot working is not preferred for duplex-2205 because of the alteration in properties
(Faccoli and Roberti, 2013; Pramanik et al., 2018; Tehovnik et al., 2016). A large spring
back is observed during conventional forming and requires more powerful machines, as
its strength is almost twice of the austenite steel, and the ductility is lower than the

austenite (Nomani et al., 2017).

The laser bending process is an advanced manufacturing technique that offers the
potential for precise bending of difficult-to-form materials with minimal springback and
a small heat-affected area. From this perspective, laser bending has the potential to be a
suitable method for bending duplex stainless steel. This has encouraged the
investigation of laser bending for this material. Additionally, it is interesting to examine

the mechanical and metallurgical properties of duplex stainless steel after laser bending.

Although laser bending offers many merits, like excellent controllability, good
flexibility, high precision, etc., over conventional processes, it is limited to small bend
angles. Literature reports that laser bending explored for a range of materials: titanium

alloys (Wang et al., 2015), magnesium alloy (Ravi Kant and Joshi, 2016a; Nath et al.,



2021), aluminum alloys (Siqueira et al., 2016), mild steel (Lawrence et al., 2001),
stainless steel (Li and Wang, 2019a), ceramics (Xu et al., 2013), composites, etc. These
studies investigated various aspects: bend angle, edge effect, the effect of process
parameters, material behaviour, complex shape generation, mechanism, etc. The bend
angle achieved in these studies was observed to be limited to 0.1 to 3 degrees per scan.
Many researchers attempted multi-scan laser bending in order to generate a high bend
angle, but the material degradation and reduction in the temperature gradient in
succussive scans are the major problems associated with it. A longer cooling time was
provided between the scans to resolve these problems, which resulted in reduced process
efficiency and longer production time (Lambiase et al., 2011).

Several researchers recommended forced cooling to overcome the above-mentioned
problems associated with natural cooling in multi-scan laser bending. Most of these
studies are focused on reducing the waiting time during multi-scan laser bending by
applying forced cooling. However, forced cooling is yet to be explored as a tool to
improve the bend angle by increasing the temperature gradient. Additionally, limited
work is reported on the experimental analysis of the effect of forced cooling during the
laser bending process. This gap in knowledge has motivated further exploration of
forced cooling at the bottom surface as a tool to enhance the bend angle, and it is called
forced cooling assisted laser bending. Additionally, it is interesting to investigate the

material behavior during laser bending with forced cooling.
1.8. Organisation of The Thesis

Chapter 1 presented an overview of the laser bending process and its base principle. The
advantages, limitations, and industries where the process has possible applications are
discussed. Further, the motivation to conduct research in the area of laser bending of

duplex stainless steel is also described.

Chapter 2 presents a comprehensive literature review in the field of laser bending. The
current status of technology is discussed in terms of bending mechanisms, multi-scan
laser bending, assisted laser bending, scanning strategies, modelling, materials
exploration, mechanical and metallurgical aspect, applications, and challenges for the
process. The critical observations of the above-mentioned aspects are summarized from

the literature review, and the research objectives are stated at the end of the chapter.



Chapter 3 presents the pilot study carried out to assess the feasibility and understand the
mechanism of laser bending. This chapter includes a numerical investigation of the laser
bending process, aiming to analyze the bending behavior of the sheet under different
process parameters and gain insights into the underlying mechanism governing the
observed bending behavior. Moreover, the numerical analysis examines the feasibility
of forced cooling assisted laser bending, providing a comprehensive understanding of
the bending behavior and the associated underlying mechanism. Additionally,
experimental tests on aluminum alloy sheets were conducted to evaluate the feasibility

of forced cooling in laser bending.

Chapter 4 describes the methodology, materials, and experimental details of the forced
cooling assisted laser bending process. The chapter provides a comprehensive overview
of the experimental setup, highlighting the various instruments employed and their

respective roles throughout the study.

Chapter 5 presents forced cooling assisted single scan laser bending. It investigates the
bending behavior under natural and forced cooling conditions. The impact of process
parameters on bending behavior is analyzed for both cooling conditions. Additionally,
the study explores the post-bending effects on mechanical and metallurgical properties.
Furthermore, the process parameters are optimized for single-scan laser bending to

achieve the maximum bend angle while minimizing energy consumption.

Chapter 6 presents forced cooling assisted multi-scan laser bending. The chapter
investigates the influence of process parameters on the bending behavior under both
natural and forced cooling conditions. A comparative analysis is conducted to assess the
differences between the two cooling approaches. Moreover, the mechanical,
metallurgical, and corrosion properties of the bent specimens are examined for both

cooling conditions.

Chapter 7 presents the key findings and conclusions derived from the present research
work. The potential for future work in this particular field is also discussed in this

chapter.
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CHAPTER 2

LITERATURE REVIEW

This chapter provides an in-depth analysis of the state-of-the-art laser bending process.
It explores the various mechanisms underlying the process and examines the influence
of different process parameters on these mechanisms. Additionally, the chapter
discusses proposed methods to enhance the technology, showcasing its capacity to form
complex 3D shapes and the precise techniques employed for achieving them. Moreover,
the chapter discusses the materials investigated to form by this process and highlights
any changes in their properties. The sustainability aspects of the laser bending process
are also covered, adding a valuable perspective to the overall exploration of this topic.
It also addresses the diverse applications of the process and discusses its inherent

limitations.
2.1. Mechanisms of Laser Bending

First of all, Geiger and Vollertsen (Geiger and Vollertsen, 1993) explored the
mechanism behind laser bending. They reported that the bending is occurred because of
the thermal stresses generated due to laser heating. The thermal expansion coefficient
and thickness of the worksheet are the most significant factors for the bending. There
are three kinds of mechanisms of laser bending given by Vollertsen (Vollertsen, 1994).
These three mechanisms are named as temperature gradient mechanism (TGM),
buckling mechanism (BM), and upsetting mechanism (UM). These mechanisms are
dependent on the laser energy parameters and the work geometry. These mechanisms

are responsible for deformation separately or in combination.
2.1.1. Temperature Gradient Mechanism

TGM is the most commonly used mechanism due to its good controllability. As its name
suggests, it depends on the steep temperature gradient across the sheet thickness. To

generate this temperature gradient, the beam diameter is kept similar to the sheet



thickness, and the scanning speed is set to be high. When dealing with materials of high

thermal conductivity, it is necessary to choose an even higher scanning speed.

The process starts with laser heating along the bending line (Figure 2-1(a)) and generates
intense heating at the laser-material interaction region. This localized intense heating
led to the thermal expansion of the heated region, resulting in counter bending (bending
away from the laser source) of the worksheet, as shown in Figure 2-1(b). The adjacent
cooler region restricts this thermal expansion and develops compressive stresses in the
heated and tensile stresses in the cooler region (Figure 2-1(c)). Furthermore, the flow
strength of the heated region decreases due to high temperature. As soon as the flow
strength falls down than the compressive stresses, compressive plastic strain takes place
(Imhan et al., 2018b). This compressive strain continues until the heating stops.

The cooling starts as soon as the laser passes from that point. Due to this cooling, the
heated material begins to shrink. Since the heated surface was under compressive strain
during the heating phase, the shrinkage in the top surface is more as compared to the
non-heated surface. This difference in shrinkage (compressive plastic strain) between
the upper and lower surfaces causes the sheet to bend towards the laser source (Dearden
and Edwardson, 2003), as shown in Figure 2-1(d).
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Figure 2-1: Schematic of temperature gradient mechanism

Bucher et al. (Bucher et al., 2018b, 2017) proposed the modified temperature gradient
mechanism (MTGM) for laser bending of metal foam. According to MTGM, bending



occurs due to the irreversible plastic deformation of foam cells. They reported that the
cell walls had broken, and densified in the scanning region due to the compressive
stresses. They also explored the bending of metal foam (AlISI10) sandwiched with two
face-sheets of AW 5005. They observed that the bending of face-sheets occurred due to
TGM (for smaller diameter) and UM (for larger diameter), but the metal foam was bent
due to MTGM (Bucher et al., 2018a).

2.1.1.1. Effect of Process Parameters in TGM

Laser bending is a highly controllable and flexible process that allows for precise
deformation of materials. Various parameters, including energy parameters, material
properties, the shape and size of the workpiece, and numerous other factors influence
the process. Geiger et al. (Geiger et al., 1993) initially categorized these factors into
three main categories: energy, material, and geometry. As technology advances,
additional factors have been identified and incorporated into the understanding of laser
bending. This section provides an in-depth discussion of the critical process parameters

significantly impacting the laser bending process.
Laser Power

The laser power plays a critical role in determining the effectiveness and efficiency of
the laser bending process. It directly influences the temperature rise in the material,
thereby controlling the resulting deformation. Previous studies have explored the
relationship between laser power and bend angle for various materials and
configurations, providing insights into the impact of laser power on the bending process.
Yau et al. (Yau et al., 1996) studied the effect of the energy parameters for the first time
on bend angle during laser bending of Al-based metal matrix composite. They combined
laser power and beam diameter into a single term known as power density (obtained by
dividing laser power by beam area), while scanning speed was considered an
independent parameter. They concluded that the bend angle enhances with the power
density and reduces with scanning speed. In another study, they reported that the bend
angle increases with laser power however, at too high laser powers, it becomes nearly
constant because of the reduction in temperature gradient (Yau et al., 1998). Chen et al.
(Chan et al., 2000) studied the laser bending of stainless steel sheets and found that the

bend angle increased with the laser power until it reached a certain threshold, beyond



which it remained constant. The researchers reported that there is a minimum required
heat input for bending, and any excess heat input did not contribute to further
enhancement of the bend angle. Seyedkashi et al. (Seyedkashi et al., 2016) explored the
effect of laser power on the laser bending of metal composite (steel and copper). They
reported that the bend angle after 40 scans increased upto 94% with a 25% increment in
laser power. Kant and Joshi (Ravi Kant and Joshi, 2016b, 2016a) analyzed the effect of
laser power during the bending of magnesium M1A alloy. They reported that the bend
angle increased with laser power at higher scanning speed, but if the scanning speed was
low, it started reducing after attaining a peak. Maji et al. (Maji et al., 2016) investigated
the laser bending of AISI 304 steel sheet and analyzed the influence of laser power on
bend angle. They found that although the bend angle increased with laser power, the
rate of increment was not constant and decreased with increasing laser power. However,
they also discovered that a larger beam diameter and higher scanning speed could
maintain the rate of increment in the bend angle with laser power. Fetene et al. (Fetene
et al., 2018a) reported that the bend angle initially showed a significant increase with

laser power. However, beyond a certain threshold, the angle remained almost constant.

The literature highlights the significant influence of laser power on the laser bending
process. The bend angle generally increases with laser power; however, the rate of
increment may vary depending on factors such as material composition, scanning speed,
and beam diameter. At excessively high laser powers, the bend angle tends to reach
saturation due to a reduction in the temperature gradient. It is essential to carefully
optimize the laser power to achieve desired bending outcomes according to the specific

characteristics and requirements of the material being processed.

Scanning Speed

Scanning speed plays a crucial role in the laser bending process, impacting heating rate,
heat distribution, accuracy, quality, efficiency, and material properties. Various studies
have investigated the influence of scanning speed on the bend angle and its relationship
with other process parameters. Pridham et al. (Pridham and Thomson, 1994) attempted
to make a prototype by laser bending, and for that, they considered two different
scanning speeds remaining the other factors constant. The results showed that the
number of passes required to achieve a bend angle of 90 degrees was reduced to 200

from 700 by reducing the scanning speed from 50 mm/s to 25 mm/s. Yau et al. (Yau et



al., 1998, 1996) investigated the effect of scanning speed and reported that bend angle
reduces with an increase in scanning speed. Magee et al. (Magee et al., 1998b, 1997)
studied the influence of scanning speed at constant laser power and constant line energy
during laser bending of Ti alloy and Al alloy. They reported that for Ti alloy the bend
angle is maximum at an optimum value of scanning speed in both constant power and
line energy conditions. Whereas, for Al alloy due to high thermal conductivity the bend
angle continuously decreased with scanning speed. Cook et al. (Cook et al., 2016)
reported that the bend angle decreases with an increase in scanning speed; however, the
rate of decrement reduces with an increase in laser power. Seyedkashi et al. (Seyedkashi
etal., 2016) examined the effect of scanning speed during laser bending of a steel-copper
composite sheet and reported that the bend angle was reduced to 35% by increasing the

scanning speed by 200%.

Kant and Joshi (Ravi Kant and Joshi, 2016b, 2016a) reported that at low laser power,
the bend angle decreased with increasing scanning speed. However, at high laser power,
the bend angle first increased and then decreased after reaching a peak with increasing
scanning speed. They also found that the rate of decrease in the bend angle increased
with an increase in the beam diameter. The authors explained that this behavior was due
to the reduction in available energy with an increase in scanning speed and a reduction
in energy density with an increase in beam diameter. Ghoreishi and Mahmoodi
(Ghoreishi and Mahmoodi, 2022) explored the bending of a copper-aluminium bi-metal
sheet with varying thicknesses and analyzed the effect of process parameters. They
found that the bend angle increased with an increase in scanning speed. This is due to
the reduction in temperature gradient at low scanning speeds, as both materials have

high thermal conductivity.

Overall, the scanning speed has a notable impact on the laser bending process, affecting
the resulting bend angle and the overall efficiency of the process. Optimal scanning
speed values may differ depending on the material being bent, interaction between

scanning speed, and other parameters like laser power and beam diameter.

Beam Diameter

The beam diameter is a critical parameter in the laser bending process, as it directly

influences the energy density, heat distribution, bend angle, and bending radius. Studies



have investigated the effect of beam diameter on the bending characteristics of different
materials and composite sheets. Hennige et al. (Hennige et al., 1997) reported that the
bending radius increase with an increase in beam diameter. Seyedkashi et al.
(Seyedkashi et al., 2016) investigated the effect of beam diameter during laser bending
of metal composite (steel and copper). They reported that the bend angle was reduced
by 30% with increasing the beam diameter by 80%. Kant and Joshi (Ravi Kant and
Joshi, 2016b, 2016a) investigated the influence of beam diameter on bend angle at
different scanning speed and powers. They discovered that the bend angle decreased as
the beam diameter increased, which they attributed to a reduction in energy density.
They also noted that the beam diameter had a more pronounced effect on the bend angle
at high scanning speeds and low laser powers, which may be due to a further reduction
in available energy. Maji et al. (Maji et al., 2016) found that an optimum value for beam
diameter existed to achieve maximum bend angle. They also noted that this optimum
value was dependent on other factors, such as laser power and scanning speed. The
optimum value of beam diameter was higher for high laser power and low scanning
speed, and vice versa. Bucher et al. (Bucher et al., 2018a) attempted the laser bending
of metal foam sandwiched sheets and reported that for these sheets, the bend angle

increased with an increase in beam diameter.

In general, the beam diameter significantly affects the laser bending process, influencing
the resulting bend angle and bending radius. Increasing the beam diameter generally
reduces the bend angle, attributed to a decrease in energy density. However, the optimal
beam diameter for achieving the maximum bend angle depends on various factors, such

as laser power, scanning speed, and the nature of the material or composite being bent.

Line Energy

Line energy is the energy given to the per unit length of the scanning line. It can be
calculated by taking the ratio of laser power to scanning speed. It plays a significant role
in governing the heat input and subsequent deformation of the sheet. Various studies
have explored the influence of line energy on the bending characteristics, mechanical
properties, and microstructural changes of different materials. Yau et al. (Yau et al.,
1998) studied the effect of line energy during the bending of a thin sheet (0.25 mm) and
reported that 0.14 J/mm is the minimum line energy required to cause the deformation

for that particular worksheet. The bend angle found to increase with line energy



significantly upto 1 J/mm, after that, the rate of increment reduces and then becomes

almost constant.

Akinlabi and Shukla (Akinlabi and Shukla, 2016) investigated the mechanical and
microstructural changes in laser-bent steel sheets with respect to line energy. They
reported that the yield strength and hardness of the formed sheet were improved,
whereas ductility and grain size were reduced. These changes were found to be more
prominent at high-line energies. Mjali and Botes (Mjali and Botes, 2018) investigated
the influence of line energy in the laser bending process and reported that line energy is
an important factor in the laser bending process. Although, other factors i.e., heat flux,
beam, interaction time, and temperature gradient, also significantly affect the process
even at constant line energy. They observed that the higher line energy led to a reduction
in mechanical properties and surface condition. Paramasivan et al. (Paramasivan et al.,
2018a) reported that the bend angle increased with line energy. However, when the line
energy was held constant, the bend angle was found to be higher at high laser power and

scanning speed.

Line energy is a critical parameter in laser bending, influencing the deformation process
and resulting bend angle. A minimum line energy threshold is required for sheet
deformation, and an increase in line energy generally leads to an increase in the bend
angle. However, high line energies can affect the mechanical properties, surface
condition, and microstructure of the formed sheet. Understanding the complex
relationship between line energy and various process factors is crucial for effectively

optimizing laser bending operations and achieving the desired bending characteristics.

Duty Cycle and Pulse Duration

The duty cycle and pulse duration are crucial parameters in laser bending processes, as
they directly impact the thermal energy delivered to the material. The duty cycle
represents the ratio of pulse on time to the total time, while the pulse duration refers to
the duration of each laser pulse. Understanding the effect of duty cycle and pulse
duration on the bending behavior is essential for controlling the deformation process
and achieving desired bend angles. Pridham et al. (Pridham and Thomson, 1994) studied
the effect of pulse ratio (pulse on time/Total time) on bend angle during laser bending

and found that bend angle increased with an increase in pulse ratio. Yoshioka et al.



(Yoshioka et al., 1998) explored the laser bending of metal wire and foil with a pulsed
YAG laser and studied the effect of pulse duration, energy, and stand of distance. They
reported that the bend angle has increased with an increase in pulse duration upto 6 ms,
but a further increase in pulse duration led to excessive melting resulted in low bend
angle. Similar trend was observed with laser beam energy whereas it got reversed with
stand of distance. Chen et al. (Chen et al., 1998a) attempted the microscale bending of
stainless-steel sheets using a pulsed laser with constant pulse duration and variable laser
pulse energy. They reported that the bend angle increased with an increase in pulse

energy.

Chen and Xu (Chen and Xu, 1999) compared the laser bending with continuous wave
and pulse lasers and found that continuous laser gave a higher bend angle, whereas pulse
laser provided high precision. Maji et al. (Maji, 2019a) analyzed the micro-forming of
thin sheets using a pulse laser in a steady state. They exposed the laser beam on two
different shape worksheets, rectangular and circular, and observed the deformation
occurred at different process conditions i.e., laser power, pulse duration, and beam
diameter. It was found that deformation increased with laser power and pulse on time
and reduced with beam diameter for single pulse forming. Whereas, for multiple pulses,
smaller pulse time led to higher deformation because of high temperature gradient

generation.

The literature review reveals that the duty cycle and pulse duration significantly
influenced the bend angle and precision in laser bending. Higher pulse ratios increase
the bend angle, while excessive melting resulting from longer pulse durations can lead
to reduced bend angles. Continuous-wave lasers tend to provide higher bend angles,
whereas pulse lasers offer higher precision. The deformation behavior under different
process conditions, such as laser power, pulse duration, and beam diameter,
demonstrates the intricate relationship between these parameters and the resulting
deformation. The optimization of duty cycle and pulse duration is vital for achieving the
desired bending outcomes and controlling the thermal energy input during the laser

bending process.



Beam Shape

The beam shape is an important factor in laser bending processes, influencing the
distribution of thermal energy and heat absorption characteristics of the material.
Various studies have explored the effect of beam shape on the bend angle and edge
effects during laser bending. Understanding the influence of beam width, inclination
angle, and aspect ratio on the bending behavior is crucial for optimizing the process and
achieving desired deformation outcomes. Chen et al. (Chen et al., 1998a) studied the
laser bending of stainless steel using a pulsed laser of slender elliptical shape (like a
line) using a cylindrical lens, as shown in Figure 2-2. The beam covers the whole width
of the sheet (0.8 mm), as the beam length is 1.55 mm. The laser beam width varied
between 29.2 to 87.3 um, and the effect of beam width on bend angle was analyzed. The

results showed that the bend angle reduces with an increase in beam width.
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Figure 2-2. Slender elliptical beam shaping using a cylindrical lens

Cook et al. (Cook et al., 2016) studied the effect of inclination angle on the absorption
of a graphite-coated steel sheet surface. They reported that the absorptivity increases
from 0 to 10° of inclination, then returns to its original value between 10 to 20° and
remains nearly constant up to 50°. However, further inclination of the sheet drastically
reduces the absorptance. Fauzi et al. (Fauzi et al., 2019) investigated the influence of
beam shape on bend angle and edge effect. They examined six different beam shapes
(Figure 2-3) of the same beam area, which gave the constant power intensity for all
beam shapes. They found that a diamond-shaped beam gave the highest bend angle but
with a large variation in bend angle along the scan line (edge effect). The triangular

beam also produces a similar bend angle with relatively less edge effect. The study



proposed that the triangular-shaped beam was more significant than the conventional
circular-shaped beam in order to get a high bend angle with a lower edge effect. They
also analyzed the effect of the aspect ratio (width/height) of the triangular beam and
reported that the bend angle increased with the aspect ratio upto a threshold value i.e.,
1.05. They also concluded from this study that beam width had more impact on bending

as compared to length.
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Figure 2-3. Different beam shapes with a constant beam area

Literature shows that beam shape plays a significant role in laser bending. The bend
angle is found to decrease with an increase in beam width, indicating the importance of
controlling the width of the laser beam. The inclination angle of the sheet surface affects
the absorptivity, with an optimum range providing higher absorptance values. Different
beam shapes, such as circular, rectangular, diamond, elliptical and triangular, offer
varying levels of bend angles and edge effects. The triangular beam shape shows
promise in achieving high bend angles with reduced edge effects compared to
conventional circular beams. The aspect ratio of the triangular beam also influences the
bend angle, with an increase in aspect ratio leading to higher bend angles up to a certain
threshold. Overall, selecting an appropriate beam shape and optimizing its width is
critical for achieving desired bend angles and minimizing edge effects in laser bending

processes.

Material Properties

As laser bending is a thermo-mechanical process, the deformation is occurred because
of the thermal stresses induced due to laser heating. The material properties play a
significant role in the generation of thermal stresses and the deformation of the sheet.
Guan et al. (Guan et al., 2005) conducted a study to investigate the influence of various
material properties on the laser bending process. They examined the effects of thermal

conductivity, specific heat, yield strength, density, thermal expansion coefficient, and



Young's modulus by varying one material property at a time while keeping others
constant during numerical simulations. As the thermal conductivity increased, the bend
angle decreased due to a reduction in the temperature gradient. The specific heat showed
an inverse relationship with the bend angle. A higher specific heat resulted in a lower
maximum temperature, leading to higher flow strength and reducing the bend angle. It
was also observed that yield strength, density, and Young's modulus had inverse effects
on the bend angle. As these material properties increased, the material exhibited a
greater capacity to resist deformation, resulting in a reduction in the bend angle.
Interestingly, the thermal expansion coefficient showed a positive correlation with the
bend angle. An increased thermal expansion coefficient led to higher compressive
stresses, which enhanced the bend angle during the laser bending process. These
findings emphasize the significant impact of material properties on the laser bending
process, providing valuable insights for further optimization and control of this thermo-

mechanical forming technique.

Worksheet Geometry

Worksheet geometry is a critical factor that affects the laser bending process,
influencing the resulting bend angle, deformation behavior, and overall quality of the
bent parts. The dimensions, shape, and orientation of the worksheet can significantly
impact the distribution of temperature, stress, and strain during laser bending. Various
studies have investigated the impact of worksheet geometry on laser bending, providing
insights into the relationship between geometric parameters and bending behavior. For
the first time, Geiger et al. (Geiger et al., 1996) investigated the effect of worksheet
geometry in the laser bending process in order to explore the bending of microparts.
They have studied the effect of sheet thickness keeping the other parameters constant
and found that the bend angle increased with reducing sheet thickness, but at lower sheet
thickness, it may reduce due to low-temperature gradient. Further reduction in sheet
thickness led to increasing the bend angle again because the mechanism involved in the
bending had changed; the bending occurred because of the buckling mechanism. Fetene
et al. (Fetene et al., 2018a) investigated the laser bending of high-strength steel AH36
and analyzed the influence of worksheet size on the deformation of the worksheet. Their

findings revealed that larger width worksheets resulted in a higher bend angle, whereas



thicker sheets experienced a decrease in bend angle. Moreover, the rate of reduction in
bend angle reduced as the thickness of the sheet increased further.

Parmasivan et al. (Paramasivan et al., 2017) attempted to laser bend a stainless steel
sheet with a rectangular cut at its center. They reported that the dimensions of the cut
perpendicular to the scan line did not affect the bend angle, while the dimensions of the
cut along the scanning line had a significant effect on the bend angle. They found that
the bend angle decreased with the increasing length of the cut along the scan line, while
the maximum temperature on the surface was independent of the cut dimensions.
Navarrete and Celentano (Navarrete et al., 2018; Navarrete and Celentano, 2018)
investigated the impact of worksheet geometry on the laser bending of AlISI 304 sheets
in three different shapes: circular, ring, and rectangular. The scanning paths for circular
and ring-shaped sheets were concentric circles, while for rectangular sheets, it was
linear. They observed a noticeable spring-back effect in the curved sheets, but it was
negligible in the rectangular sheets. Additionally, they found that the deformation did
not align with the plastic strain developed for different worksheet geometries. Based on
that, they concluded that worksheet geometry significantly influenced plastic

deformation.

The literature highlights the significant influence of geometric parameters on the bend
angle and deformation behavior. It has been observed that reducing sheet thickness
generally leads to an increase in the bend angle, although at extremely low thicknesses,
the bend angle may reduce due to reduced temperature gradient. Additionally, the
presence of cuts along the scanning line can substantially affect the bend angle, with
longer cuts resulting in decreased bending. Furthermore, the width of the worksheet has
been found to positively impact the bend angle, while thicker sheets tend to experience
a decrease in the bend angle. The shape of the worksheet, whether circular, ring-shaped,
or rectangular, also affects the deformation behavior, with different worksheet
geometries leading to varying degrees of spring-back and plastic deformation. Overall,
these findings emphasize the significance of worksheet geometry in the laser bending
process and provide insights for optimizing the process parameters to achieve desired

bending outcomes.



Worksheet Clamping

The effect of worksheet clamping in laser bending has been a subject of interest in
various studies. Researchers have investigated different clamping conditions to
understand their influence on the bending process. Birnbaum et al. (Birnbaum et al.,
2007) explored the influence of clamping during laser bending. They considered two
different clamping conditions: in the first one, the sheet was clamped with one of its
ends (cantilever), whereas in another the sheet was just laying on flat surface (no clamp).
The results showed that there was no significant effect of clamping condition on bend
angle, but it affected the bend angle variation along the scan line. The bend angle
variation was found to be higher in cantilever clamping as compared to no clamp
condition. They also investigated the effect of the thermal conductivity of the clamp.
They reported that a highly conductive clamp work as heat sink and increase the cooling
rate in scanning region. But, it did not affect the bend angle in single scan bending
because during plastic deformation the temperature of scanning region was same for

both the insulated and conductive clamps.

Edwardson et al. (Edwardson et al., 2006) also attempted to investigate the effect of
clamping conditions and considered two clamp conditions: cantilever and V-block. It
was observed that the bend angle was equal for both the conditions upto the first 15
scans; after that VV-block gave marginally higher bending. A significant change in bend
angle per scan was observed after 25 scans. The rate of increase in bend angle per scan
was higher in VV-block condition as compared to cantilever. They reported that it might
be caused due to the change in beam area in the cantilever condition, whereas it was
more uniform in V-block condition. Kant and Joshi (Kant and Joshi, 2012) analysed the
different clamping conditions: clamping whole edge, clamping with two corner points
of an edge, clamping with one point at the center of an edge and no clamping. They
reported that although the bend angle was slightly higher in case of one point center
clamping but the cantilever clamping along whole edge gave best uniformity in the bend

angle along the scanning direction.

The literature suggests that clamping conditions have an impact on the variation of bend
angles along the scan line during laser bending. The thermal properties of the clamping
can also affect the temperature and cooling rates, although it not affected the bend angle

in single scan bending but can be significant in multi-scan bending. While the overall



bend angle may not be significantly affected by clamping, the choice of clamping
condition can influence the uniformity of bending and the rate of increase in bend angle

per scan.
2.1.2. Buckling Mechanism

As the laser bending process provides flexibility in controlling various parameters,
certain conditions need to be met in order to observe the buckling mechanism. This
occurs when the beam diameter is much higher than the sheet thickness, and the
scanning speed is slow enough to maintain an almost uniform temperature throughout
the sheet thickness (Vollertsen et al., 1995). Materials with high thermal conductivity
are more likely to exhibit this phenomenon.

The process starts with the heating with a large diameter laser beam moving at slow
scanning speed which leads to almost uniform temperature along the thickness. This
heating leads to thermal expansion, which is restricted by the surrounding material and
results in compressive stresses in the heated region. The flow stress of the central high-
temperature region of the beam reduces. This decreased flow strength of that large
heated area and high compressive stresses in that particular area led to a buckle in that
region. The direction of this buckling depends on the pre-bending of the sheet and the
residual stresses, which start relaxing during this heating process. The height of the
buckle increases due to the thermal expansion of the material on further heating. Plastic
strain is developed at the center of this buckle because of its very low flow strength due
to high temperature. Whereas elasto-plastic strain is developed at the outer region of the
laser beam area because of relatively higher flow stress as the temperature is lower in
this portion, as shown in Figure 2-4. As the laser moves across the width of the sheet,
the buckle is generated in the same direction as the initial buckling along the whole
width. After irradiation along the whole bending edge, elastic strains are relaxed, and
only plastic strains remain in the sheet. This plastic strain is responsible for the
development of the bending angle. The bending angle generated by this mechanism is
around 1 to 15 degrees which is very large compared to the temperature gradient

mechanism.
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Figure 2-4. Schematic of buckling mechanism

The buckling mechanism has a limitation in controlling the direction of bending, as the
bending can occur either towards or away from the laser beam. It is dependent on the
pre-bending of the sheet and the residual stresses. The pre-bending can occur arbitrarily
due to handling the worksheet or storing the worksheet in folds which develops the
uncertainty in the bending direction. Pre-bending can be produced intentionally by
temperature gradient mechanism to control this uncertainty, as TGM always develops a
positive bending. This positive bending is worked as a pre-bending for the buckling

mechanism.

2.1.2.1. Effect of Process Parameters in BM

Various researchers have investigated the buckling mechanisms and effects on different
process parameters on this mechanism. First, Arnet and Vollertsen (Arnet and
Vollertsen, 1995) explored this mechanism experimentally and reported that bending
can be possible in both directions: towards and away from the laser source. Geiger et al.
(Geiger et al., 1996) explored the laser bending process for forming microparts and
reported that the process is significantly effective for microparts. In their study, they
reduced the sheet thickness keeping the other parameters constant, and found that at low

thickness, the bend angle may reduce due to low-temperature gradient. Further reduction




in sheet thickness led to increasing the bend angle again because the mechanism
involved in the bending had changed, and the bending occurred because of the buckling
mechanism. Magee et al. (Magee et al., 1998b, 1997) reported that for low thermal
conductivity material (Titanium alloy), the temperature gradient mechanism is
responsible for bending even at a high beam diameter to thickness ratio. Whereas, for
high thermal conductive material (Aluminium alloy), the bending mechanism changes
from temperature gradient to buckling by reducing the scanning speed, especially at
high beam diameter to thickness ratio. Similarly, Chen and Xu (Chen and Xu, 2001)
also observed during the bending of 100 pm thin stainless steel sheet that at low
scanning speed the mechanism involved in bending of sheet was change from TGM to
BM. Chakraborty et al. (Chakraborty et al., 2016) attempted to create a bowl shape using
a stationary laser beam with varying beam diameter and laser exposure time. They
observed that the material bent towards the laser source when using a small diameter
laser beam, while with a large diameter beam (ten times the sheet thickness), it bent
away from the laser source. They attributed this behavior to the activation of the

buckling mechanism at higher beam diameter-to-thickness ratios.

Li and Yao (Li and Yao, 2000) attempted to control the bending direction during laser
bending with the buckling mechanism by changing the start point of the scan from the
edge to the center of the worksheet. They reported that initial convex bending due to
temperature difference between top and bottom surfaces remains in the sheet if the scan
started from the center and it works as pre-bending for further deformation. They
observed that the convex bending increased with laser power and reduced with scanning
speed. Guo et at. (Guo et al., 2020) applied preloading to control the bending direction
in the buckling mechanism and developed an analytical model for predicting bend angle
under preloading conditions. Jamil et al. (Jamil et al., 2011) explored the effect of laser
beam shape during laser bending with the buckling mechanism. They took a beam of
constant area with different aspect ratios and compared the results with the conventional
circular-shaped beam. They reported that the bend angle increased with the longer beam
dimension in the scanning direction. Hsieh and Lin (Hsieh and Lin, 2005a, 2005b)
explored the laser bending of tube with the buckling mechanism with and without the
axial preload. They numerically analyzed the temperature and stress distribution, and

deformation of the tube. They reported that the tube bend due to the thermal expansion



of the heated surface, and this deformation increased with the increase in preload

magnitude.

Hu et al. (Hu et al., 2002) studied the laser bending by buckling mechanism and
examined the effect of various process parameters on the bending angle as well as the
bending direction. They observed that the bending direction dependent not only on the
pre-bending and stress condition of the sheet but also on the process parameters. They
reported that the bending direction changed from concave to convex by increasing the
scanning speed. Furthermore, it was also dependent on other parameters, including laser
power, beam diameter, sheet thickness, and worksheet material. For thin sheets, the bend
angle varied from concave to convex and then became zero on further increase in
scanning speed at small beam diameters. Whereas, at large beam diameters, the bend
angle varied from convex to concave with an increase in scanning speed. For thick
sheets, it was difficult to achieve convex bending. Chen et al. (Chen et al., 2008)
examined the influence of various process parameters, including worksheet thickness,
scanning speed, laser power, line energy, beam width, and sheet thickness. They
observed that the bend angle increased with laser power, line energy, scan speed, and
the ratio of beam width to sheet thickness, while it decreased with an increase in sheet
thickness. They reported that the mechanism involved in the bending of the sheet was a
buckling mechanism if the width-to-sheet thickness ratio was more than 4. If it was less
than 2, both TGM and BM mechanisms may have taken place. Liu et al. (Liu et al.,
2010) attempted to generate the negative laser bending of steel foil and examine the
effect of process parameters. They gave pre-bending to the sheet away from the laser
source to control the bending direction. The bend angle increased with the pre-bending
displacement for buckling-dominated parameters, but for TGM-dominated parameters,
the pre-bending reduced the bend angle. The negative bending reduced with an increase
in the scanning speed. High laser power was recommended for the negative bending

with a moderate beam diameter.
2.1.3. Upsetting Mechanism

This mechanism becomes apparent when the beam diameter is approximately equal to
the sheet thickness and the scanning speed is sufficiently low to achieve a uniform
temperature distribution across the sheet thickness. High thermal conductivity materials

facilitate the attain uniform temperature across the sheet thickness. All the necessary



conditions for this mechanism are identical to those of the buckling mechanism, except
for the beam diameter, which is smaller in this case.
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Figure 2-5. Schematic of upsetting mechanism

The process starts with laser scanning at low scanning speed, which generates almost
uniform temperature throughout the thickness. As the temperature increases thermal
expansion takes place, and the flow strength of the heated region also decreases. The
thermal expansion is restricted by surrounding cooler material and develops
compressive stress in the heated region, whereas tensile stresses in the cooler region.
Unlike the buckling mechanism, this results in a bulge formation in the heated region
due to the high stiffness of the geometry caused by the small beam diameter (Bachmann
et al., 2020). The reduced flow strength at the center of the bulge leads to plastic
deformation, while the outer region exhibits elastoplastic behavior due to its relatively
higher flow strength. As the laser is passed the particular point, cooling starts, and the
material starts to recover the elastic deformation. The elasto-plastic region contracts and
shortens the length of the sheet (K. Paramasivan, S. Das, 2019). Overall, this mechanism
results in the thickening and shortening of the sheet. A stepwise schematic of the

mechanism is shown in Figure 2-5.

During TGM the plastic deformation occurs on the top surface only, whereas in the

upsetting mechanism, it is on both top and bottom surfaces due to uniform temperature.



In UM, the bottom surface also gets sufficient heat to deform plastically. But the plastic
deformation at the top surface is higher than that of bottom because it is impossible to
achieve zero temperature gradient along the sheet thickness (Shi et al., 2012b). The
difference in plastic strain between the top and bottom surface lead to small bending,
and the plastic strain at both the surfaces lead to shortening and thickening. This
combined effect of TGM and UM is called coupling mechanism (Shen, 2008). Shi et al.
(Shi et al., 2006) explored the parametric ranges for domination of particular
mechanism. They observed that TGM dominates if the diameter to thickness ratio is
upto than 3, in the range of 3 to 4.5 coupling mechanism is dominated, upsetting
mechanism dominates in the range of 4.5 to 6, and for getting buckling, this ratio should
be more than 10. The highest line energy is required to achieve UM followed by

coupling mechanism due to low scanning speed for uniform temperature.

2.1.3.1. Effect of Process Parameters in UM

Jamil et al. (Che Jamil et al., 2011) conducted a numerical study on the laser bending of
SS304 sheets and tubes, considering a range of process parameters such as laser power,
beam diameter, and sheet thickness. They also examined the mechanism involved in the
sheet-forming process. The authors reported that for low sheet thicknesses (0.5 and 0.9
mm), the deformation occurred due to a buckling mechanism at 800 W laser power and
a 16 mm beam diameter. In contrast, for thicker sheets (1.5 and 2 mm), the observed
deformation occurred in the plane of the sheet, possibly due to upsetting, with small
bending. The bending of the tube was attributed to the shortening and thickening of the
heated region of the tube. Shi et al. (Shi et al., 2012a) attempted to minimize the bending
that occurred along with the plane strain during the upsetting mechanism. They explored
different heating strategies with varying process parameters. It was also observed that
the smaller beam diameter and high laser power led to an increase in the temperature
gradient and resulted in higher bending. They reported that the bending can be reduced
significantly by simultaneous heating at the top and bottom surfaces. Conventionally, a
large diameter beam with low scanning speed was used for upsetting, but while
simultaneous heating smaller diameter with high speed can be used. Chakraborty et al.
(Chakraborty et al., 2013) studied the effect of the Fourier number on the coupling
mechanism and found that the bending reduced with the increase in Fourier number,

whereas thickening increased. In another study, they also reported that both bending and



thickening increased with the beam diameter (Chakraborty et al., 2015). Maji et al. (Maji
et al., 2018)(Maji, 2019b) developed a neuro-fuzzy interface-based model to predict the
bending and thickening that occurs in the coupling mechanism. They conducted multi-
objective optimization and reported that the bending was higher compared to thickening

for parameters that resulted in lower values of the Fourier number.
2.2. Methods for Improving Laser Bending

As discussed in the previous section, the temperature gradient mechanism offers
excellent controllability over the process, giving precise and accurate bending without
any external force and tools. Forming of hard-to-form material and forming in
inaccessible areas can be done. The mechanism is limited to job and batch-type
production but not suitable for mass production because of the small bend angle.
Furthermore, the mechanism is not suitable for thin sheets of high thermal conductive
materials because it is difficult to generate high-temperature gradient. Many researchers
proposed different techniques to get higher bend angles like: multi-scan laser bending,
laser bending with cooling, external force-assisted laser bending, and absorptivity

enhancement.
2.2.1. Absorptivity Enhancement by Surface Modifications

In order to enhance the bend angle and productivity of the laser bending process,
researchers have explored the concept of absorptivity enhancement through surface
modification. By improving the absorptivity of the worksheet surface, researchers aim
to increase the available energy for deformation without altering the input energy. The
surface condition of a material plays a crucial role in laser material processing, including
laser bending. The surface condition can significantly influence the absorption and
reflection of laser energy, thereby impacting the efficiency and quality of the laser
bending process. Various investigation has been done to understand the effects of
surface condition, surface roughness, coatings, and oxide layers on absorptivity. Kant
et al. ( Kant et al., 2016) examined the influence of absorptivity on laser bending. The
observed that the absorptivity significantly affected the temperature and stress-strain
distribution, which resulted in a notable effect on the bend angle and edge effect. They
reported that the bend angle increased nonlinearly with an increase in absorptivity,

whereas the edge effect was found to be reduced. The study concluded that the laser



bending process is highly influenced by absorptivity, which is highly sensitive to the
surface condition of the worksheet.

Fetene et al. (Fetene et al., 2017b) investigated the laser bending of aluminium and mild
sheet for three different surface conditions i.e., friction stir processed, cement coated
and unprocessed. They reported that the friction stir processing increased the surface
roughness, resulting in higher absorptivity. The bend angle of the friction stir processed
aluminum sheet was higher than the unprocessed sheet, but lower than the cement-
coated sheets. In contrast, the bend angle of the cement-coated and friction stir processed
mild steel sheets was nearly the same for higher number of scans and significantly higher
than the unprocessed mild steel sheet. Imhan et al. (Imhan et al., 2018a) attempted to
improve the material absorption by laser heat treatment. They observed that an oxide
layer was formed on the surface due to laser heat treatment. The absorptivity of the
material surface improved due to this oxide laser significantly. Abedi and Gollo (Abedi
and Gollo, 2019) investigated the effect of Cr.Os coating thickness and surface
roughness of the SS304 worksheet on the laser bending process. Different combinations
of coating thickness and surface roughness are shown in Figure 2-6. They reported that
the surface absorptivity and bend angle increased with an increase in the surface
roughness (from Ra = 0.04 to 1.9) and Cr2O3 coating thickness (from 0 to 6 pm). They
also optimized both the surface roughness and the thickness of the Cr,O3 layer. They
reported that the optimum values were 1.9 um for surface roughness and 1.7 um for
coating thickness. At these values, the absorption increased from 38% to 99.86%, and
the bend angle increased from 3.43° to 7.71°. Rattan et al. (Rattan et al., 2020) explored
lime as a coating material for the laser bending of plain carbon steel and observed that
the bend angle improved compared to the bare sheet. However, they found that the bend

angle decreased with increasing coating thickness.

The literature on surface conditions in laser bending demonstrates the significant
influence of surface properties on the bending process. The absorptivity of the
worksheet surface has been found to have a nonlinear relationship with the bend angle,
with higher absorptivity resulting in increased bend angles and reduced edge effects.
Surface treatments such as friction stir processing and laser heat treatment can improve
absorptivity and enhance bending performance. Coatings, such as Cr.0z and lime, have

also been investigated, showing varying effects on the bend angle depending on their



thickness. Surface roughness is another crucial factor, where an optimal range of
roughness values can lead to improved absorption and bend angle. These findings
emphasize the significance of surface conditions in the laser bending process to attain

the desired bending outcomes and improve process efficiency.
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Figure 2-6. (a) Worksheet surface and (b) bend angle variation with different
combinations of coating thickness and surface roughness.

2.2.2. External Force-assisted Laser Bending

Forced-assisted laser bending is a technique that aims to increase the bend angle in the
laser bending process. In addition to laser energy, external forces are applied to the
material to enhance deformation, especially in the case of difficult-to-form materials
like thick plates. The application of external mechanical force allows for greater control
over the final shape of the bend (Mucha et al., 2016). This section discusses various
studies that have utilized external forces, such as mechanical load, pressure assistance,
magnetic or electromagnetic force, and preloading, to achieve higher bend angles,

reduced spring-back, and improved material properties.

Roohi et al. (Roohi et al., 2012) applied external mechanical force during the laser
bending of AI-5005 aluminium alloy to gain a bend angle upto 90°. They observed that
the bend angle increased by nearly 40% with the application of external force. Kant et

al. (Kant and Joshi, 2013) applied a mechanical load at the free end of the worksheet,
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which is moving along the laser beam. They reported that the compressive stresses at
the top surface and tensile stresses at the bottom surface increased due to mechanical
load and resulted in a higher bend angle and it increased with an increase in mechanical
load. Although, the edge effect and spring back effect were also found to be increased
with the mechanical loading. Gisario et al. (Gisario et al., 2017, 2016a) attempted laser-
assisted external force bending to achieve a high bend angle with a sharp fillet radius
and negligible spring-back. They were able to achieve a bend angle of up to 140° with
a fillet radius of less than 2 mm, and the spring-back was reduced by up to 30 times.
The 3D complex shapes made by forced-assisted laser bending are shown in Figure 2-7.

(a) (b)
Figure 2-7. Complex shapes formed by forced assisted laser bending (a) design of
chair, (b) cube
Shi et al. (Shi et al., 2016) attempted to reduce the variation in bend angle along the
scanning direction by applying an assisted force at the free edge. They applied three
different loads (uniform line load, two-point loads of the same magnitude, and two-point
loads of different magnitudes) one by one and analyzed the optimum loading condition
for minimum bend angle variation. They reported that applying two unequal loads at the
two corners of the free edge resulted in the minimum variation in bend angle.
Widlaszewski et al. (Widtaszewski et al., 2022, 2021) conducted a study on the force-
assisted laser bending of Inconel beams and found that it led to a significant increase in

deformation, enabling the achievement of convex bending.

34



Lang et al. (Lang et al., 2017) investigated the influence of preloading on laser bending
of metal sheets and reported that the bend angle increased exponentially with an increase
in preload amount. Guo et al. (Y. Guo et al., 2021a, 2021b, 2021c) investigated the
pressure-assisted laser bending and developed an analytical model for perdition of bend
angle. They reported that the pressure assistance enhanced the bend angle and offered
more control over the process (bending direction). In another study, Guo et al. (J. Guo
et al., 2021) proposed a novel technique for bending of aluminium high-stiffened
structures by laser-assisted four-point bending method. In this process, the structure was
initially subjected to a mechanical force at four points, inducing elastic strain energy.
Subsequently, laser application converted this elastic strain energy into plastic strain
energy. The results demonstrated that the use of laser significantly reduced spring-back,
while mechanical bending facilitated high deformation during laser bending. Therefore,
the laser-assisted four-point bending method yielded considerably higher deformation

with minimal springback.
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Figure 2-8. Bend angle variation with (a) air gap between sheet and electromagnet, (b)
current supplied to the electromagnet

Fetene et al. (Fetene et al., 2017a) applied external force with the help of a magnet in
both directions: towards and away from the laser source. They reported that the bend
angle was enhanced due to magnetic force if the direction of bending and direction of
force were the same. The edge effect was also found to be reduced especially at low
scanning speed when the free end of the sheet came in physical contact with the magnet.
Duta et al. (Dutta et al., 2018) got similar results for laser bending assisted with
electromagnetic force. Sharma et al. (Sharma et al., 2023) also investigated the

electromagnetic force-assisted laser bending with varying the current supplied to the



electromagnet and the gap between the worksheet and electromagnet. They reported that
the electromagnetic force increased the bend angle significantly, and it further increased
with the current supplied to the electromagnet (Figure 2-8). However, it requires an

optimum air gap between the worksheet and the electromagnet.

The literature on external force-assisted laser bending highlights its effectiveness in
achieving high bend angles, sharp fillet radii, and reduced spring-back. The application
of external forces, such as laser-assisted external force bending, preloading, pressure
assistance, and electromagnetic force, has shown significant improvements in bend
angles, surface quality, and deformation capabilities. These approaches have been
applied to a variety of materials, including thick plates, Inconel beams, and high-
stiffened structures. The combination of mechanical force and laser energy has proven
to be advantageous, enabling the conversion of elastic strain energy into plastic strain
energy and facilitating higher deformations with minimal spring-back. These findings
highlight the potential of external force-assisted laser bending as a valuable technique
for achieving desired bend shapes and improved material properties in various

applications.
2.2.3. Multi-scan Laser Bending

Multi-scan laser bending is a technique used to increase the bend angle during the laser
bending process. In this method, the laser beam is scanned multiple times over the
desired bending region, leading to enhanced deformation and greater bend angles.
Various research studies have examined the impact of the number of scans on bending
behaviour, considering factors such as bend angle, bending radius, surface roughness,
microhardness, grain size, and edge effect. Magee et al. (Magee et al., 1998b, 1997)
reported that a high bend angle can be achieved by multiple scans, but the rate of bend
angle reduces with the number of scans due to thickening in the scanning region. Gisario
et al. (Gisario et al., 2016a) investigated the effect of the number of scans on the bend
angle and bending radius during external force-assisted laser bending. They reported
that the bend angle increased with the number of scans while the bending radius

continuously decreased.

Seyedkashi et a. (Seyedkashi et al., 2016) reported in their study of laser bending of

metal composite sheets that the bend angle increased with the number of scans, but the



rate of increment was not linear; it decreased with an increase in the number of scans. It
might be because of the degradation of graphite coating, preheating and change in beam
shape. Kant and Joshi (Ravi Kant and Joshi, 2016Db) also reported a similar trend in the
bending of M1A. However, they provided a different perspective by utilizing numerical
simulation. They observed that with each scan, the temperature increased, which
reduced the restriction provided by the cooler material to thermal expansion, resulting
in lower thermal stresses. Edwardson et al. (Edwardson et al., 2010b, 2007) reported
that there may be a number of possible reasons for the non-uniform increment in bend
angle with the number of scans. These factors include strain hardening, thermal effects,
coating degradation, section thickening, and geometrical effects. Thermal effects
involve an increase in available energy for deformation but also a reduction in
temperature gradient. Section thickening refers to the thickening in the irradiation
region, which increases the sheet stiffness. Coating degradation reduces absorptivity,
while strain hardening increases resistance to deformation. Geometrical effects cover
the changes in the shape of the laser beam and the interaction area with the worksheet
as the bend angle increases. These factors dominated in defendant ranges of the number
of scans as shown in Figure 2-9. Maji et al. (Maji et al., 2016) reported that the bend
angle increased with number of scans and this effect was more pronounced at high laser
power, low scanning speed and smaller beam diameter. Das and Biswas (Das and
Biswas, 2017) optimized the process parameters (sheet thickness, scanning speed,
number of passes, and laser power) to obtain the maximum bend angle. They reported
that among these process parameters, the number of passes was the most significant,

followed by sheet thickness, laser power, and scanning speed.

Chan et al. (Chan and Liang, 2000) investigated the laser bending of Al6013/SiC,
aluminium matrix composite sheet and analysed the effect of process parameters with
the number of scans. They reported that the bend angle increased with the number of
scans, but the bend angle increment per scan was dependent on the laser power and
scanning speed. The bend angle increased with a higher rate at high laser power and low
scanning speed. Marya and Edwards (Marya and Edwards, 2000) examined the effect
of various factors, including laser power, sheet thickness, and number of scans, on bend
angle as well as thickening of the sheet. They reported that the bend angle increased
with laser power, reached maximum and then decreased, and this variation was not

affected by the number of scans (Figure 2-10(a)). It was observed that the bend angle



increased with the number of scans, but the rate of the bend angle increment varied with
laser power. As Figure 2-10(a) shows a low bend angle at low as well as high laser
power, the slope of the bend angle to the number of scan plots is highly sensitive to laser
power. Whereas, for intermediate laser power where bend angle is high, the laser power
did not affect the rate of bend angle Figure 2-10(b). The beam diameter also significantly
affected the bend angle increment in per scan. For high thickness sheet the bend angle
per scan was higher upto initial 10 scans whereas after 10 scans it was higher for low
thickness sheet (Figure 2-10(c)). They reported that this variation in bend angle per scan
IS because of the thickening of the sheet, as the sheet thickening also varied with the

number of scans as shown in Figure 2-10(d).
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Figure 2-9. Domination range of different factors influencing the bending rate with
number of scans (Edwardson et al., 2010a)

Chen and Liang (Chan and Liang, 2001) observed during the laser bending of Ti3-Al-
based intermetallic alloy that the bend angle increased with the number of scans, but the
slope of the plot is different for different laser powers. They analyzed that for low laser
power, the slope of the bend angel-number of scan curve reduced, whereas for high laser
power, it was linear. They reported that strain hardening on the lower layer of the sheet
was responsible for the decrement in the slope of the bend angle plot, whereas re-
crystallization of the lower layer may lead to linear increment in bend angle with the
number of scans which occurred at high laser power. Lawrence et al. (Lawrence et al.,
2001) attempted laser bending of a mild steel sheet with high-power diode laser for 40
scans. They reported that the bend angle increased linearly with the number of scans for

different laser power and scan speeds, whereas the slope of these lines increased with
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laser power and reduced with scanning speed. Bellisario and Quadrini (Bellisario and
Quadrini, 2012) also observed a similar trend in aluminium alloy sheets. Majumdar et
al. (Majumdar et al., 2004) studied the effect of scanning speed during multi-scan laser
bending of stainless-steel sheets. They reported that the bend angle increased with the
number of scans with different rates of bend angle per scan at different scanning speeds.
The rate of bend angle per scan reduced with the number of scans at low scanning speed,
whereas at high scanning speed, it increased with the number of scans. This variation
might be due to the reduction in temperature gradient at low scanning speed during
multi-scan, whereas for high scanning speed, it increased the available energy, which
was not enough at high scanning speed.
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Figure 2-10. Effect of laser power, number of scans, sheet thickness on bend angle and
section thickening during multi-scan laser bending

Lubiano et al. (Lubiano et al., 2000) investigated the laser bending of thin sheets (0.5
mm) of three different materials 304 stainless steel, 1100 aluminium alloy, and 1010
steel sheets with 20 laser irradiations on each sheet. They reported that the bend angle
increased with the number of scans for all three sheets, but the increment in bend angle

per scan was different. The bend angle per scan reduced at a higher number of scans for
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aluminium and steel sheets, where it was constant for stainless steel. It was because the
high thermal diffusivity of aluminium and steel rapidly conducted the heat supplied and
resulted in low-temperature gradient, whereas for stainless steel sheets the temperature
gradient was maintained even at a high number of scans. Edwardson et al. (Edwardson
et al., 2005, 2003) attempted the bending of metal laminate composites, varying the
number of laminate layers and fiber orientations. They reported that the bend angle
increased with the number of scans for all the varying conditions, but the bend angle
rate per scan was significantly influenced by these conditions. The bend angle rate per
scan was reduced with the increase in number of laminate layers. The bend angle rate
found to be maximum when the bending line is parallel to the reinforced fibers and it
was minimum for the perpendicular orientation of fibers with bending line. Wu et al.
(Wu et al., 2010a) investigated the effect of sheet thickness (100 to 300 pm) during
multi-scan laser bending of silicon sheet. The bend angle reduced with an increase in
sheet thickness, whereas it increased with the number of scans. For low sheet thickness
the rate of bend angle per scan was higher for initial scans and it reduced with number
of scans whereas for thicker sheets the bend angle per scan rate was higher for later

Scans.

Kotobi and Honarpisheh (Kotobi and Honarpisheh, 2017) studied the effect of the
number of scans on bend angle, surface roughness, and microhardness in the scanning
region. They found that the bend angle and surface roughness increased with the number
of scans, whereas the microhardness in the scanning region increased initially and then
became nearly constant. Fetene et al. (Fetene et al., 2018a) reported that the grain size
was also affected by the number of scans. They found that the grain size became finer
with an increase in the number of scans. Zhang et al. (Zhang et al., 2019) conducted a
study on the edge effect in multi-scan laser bending of DP980 steel sheets. They
observed that the edge effect decreased as the number of scans increased. Furthermore,
they proposed a new scanning strategy to mitigate the edge effect. According to that
strategy, the scanning process began from one edge, moved up to 10 mm along the
scanning path, returned to the starting point, then continued moving along the scan line
upto the opposite edge. Subsequently, the laser moved back upto 10 mm along the scan
line and again proceeded to the opposite edge. This novel scanning strategy resulted in

a reduction of the edge effect by up to 20%.



The number of scans in multi-scan laser bending has been found to be a critical
parameter for achieving enhanced bend angles and improving the productivity of the
process. The number of scans significantly influences the bend angle and other bending
characteristics in laser bending. The relationship between the number of scans and the
bending angle is influenced by factors such as graphite coating degradation, preheating,
beam shape changes, temperature increase, thermal stresses, laser power, scanning
speed, and beam diameter. Additionally, the number of scans affects surface roughness,
microhardness, grain size, and the edge effect. Although multi-scan laser bending can
achieve a high bend angle, it is limited by longer cooling times between consecutive
scans, which leads to low productivity. Additionally, excessive melting during the
process can result in alterations in material properties and surface degradation.

2.2.4. External Cooling Assisted Laser Bending

The application of cooling was proposed to overcome the limitations of multi-scan laser
bending by reducing the cooling time and excessive melting. Cooling conditions play a
vital role in laser bending, affecting factors such as energy availability, material
properties, and production rate. The type of cooling, cooling time between scans, and
cooling method applied to the worksheet surface all contribute to the bend angle,
productivity, mechanical properties, and microstructure of the material. Optimizing the
cooling conditions is crucial for achieving desired bending outcomes in terms of bend
angle, production time, and material properties. This section discusses the role of
cooling in increasing the bend angle and its implications for the productivity of the laser
bending process. Yau et al. (Yau et al., 1998) investigated the effect of holding time
(cooling time) between the two consecutive scans and reported that the bend angle
reduces with longer holding time because of the higher heat loss. Seyedkashi et al.
(Seyedkashi et al., 2016) analyzed the effect of cooling time between the scans during
the bending of three-layer steel-copper-steel composite. They reported that the bend
angle increased with an increase in cooling time, although this also increased the
bending duration. Therefore, it needs to be optimized to achieve a higher bend angle in

the minimum time and with minimum energy consumption.

Cheng and Yao (Cheng and Yao, 2001) explored forced cooling during laser bending
for the first time. They applied high-pressure air in the laser heating area at bottom

surface with the help of a moving air jet. They reported that forced cooling helped to



maintain the temperature gradient during multi-scan laser bending specially at low laser
power and scanning speed. The bend angle increased due to forced cooling at low power
and scanning speed condition. The pressure of cooling air also affected the bend angle
as it increased with air pressure for high power and speed, whereas it reduced for low
power and speed due to excessive heat loss. They also reported that the forced cooling
showed adverse effects during the laser bending with buckling mechanism because of
increased flow strength and tendency to generate non-uniform temperature along the
sheet thickness. Shen et al. (Shen et al., 2011) attempted to reduce the cooling time
between the succussive scans by a moving boundary condition of cooling during the
numerical study. They analyzed three different cooling conditions, including cooling at
the top only, cooling at the bottom only, and cooling at both the top and bottom surfaces.
In all these cases, the cooling moved behind the laser beam. They observed that the bend
angle slightly increased in cooling conditions, especially for the cooling at both surfaces.
Lambiase et al. (Lambiase et al., 2013) investigated the effect of passive water cooling
in the laser bending process. The worksheet was positioned like 90% of the sheet
thickness was submerged in water, as shown in Figure 2-11. They reported that passive
water cooling significantly reduced the cooling time between the scan without much
affecting the bend angle, and it also reduced the chances of surface oxidation. They also
investigated the productivity of the multi-scan laser bending process. The process
parameters and cooling conditions were optimized to minimize the production time to
produce a particular bend angle (Lambiase et al., 2016). Interestingly, they found that
the process parameters which gave maximum bend angle did not necessarily result in
higher productivity. This was because the cooling time between scans played a critical
role in process productivity, leading to different optimal parameters for maximum

productivity and maximum bend angle.



Figure 2-12. (a) Cooling plate and stainless steel plate before exposure, (b) schematic
illustration of the bent sheet, cooling plate and cooling fluid path.

Chinizadeh and Kiahosseini (Chinizadeh and Kiahosseini, 2017) studied the influence
of natural and forced cooling on laser bending, mechanical properties, and
microstructure of AISI316. They used a cold plate with a circulation of cold fluid at 0°C
placed below the worksheet, as shown in Figure 2-12 . The authors reported that forced
cooling significantly improved the bend angle for a high number of passes but not for a
smaller number of passes. They also observed that the hardness decreased during natural
cooling, whereas it increased during forced cooling. This was attributed to the grain size,
which increased during natural cooling and decreased during forced cooling. Thomsen
et al. (Thomsen et al., 2018) applied the forced air cooling with four different heat
transfer coefficients in order to investigate the effect of cooling on the edge effect.
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However, they observed that the forced cooling did not influence the edge effect, and it

remained unchanged.

Paramasivan et al. (Paramasivan et al., 2018b) applied forced cooling at the bottom
surface of the worksheet in order to increase the bend angle. They analyzed the influence
of the area and shape of cooling applied at the bottom surface. Three different cooling
conditions are investigated numerically i.e., circular jet moving along with laser beam,
strip along the whole width of the worksheet, and complete bottom surface of the
worksheet. It was observed that the bend angle was almost equal in the last two cases
and slightly lower in the first case, but it is significantly higher than the natural cooling
condition. They also optimized the cooling diameter for moving circular cooling and
reported that the bend angle increased with the cooling diameter, but it became
ineffective after a limit. Khandandel et al. (Khandandel et al., 2021) investigated the
influence of forced cooling in the laser bending of steel tubes by applying forced water
cooling at different offsets to the laser heating. The results showed that forced cooling
significantly reduced the processing time. However, the application of forced cooling
near the heating area increased residual stresses and formed intergranular precipitation,
which could potentially cause stress corrosion cracking. These residual stresses were
reduced with an increase in cooling offset, thereby reducing the possibility of corrosion

cracking.

The literature on cooling conditions in laser bending highlights the importance of
optimizing cooling parameters to achieve desired bend angles, productivity, and
material properties. Passive water cooling has shown promising results by reducing
cooling time and minimizing surface oxidation. It is also observed that the forced
cooling at bottom surface not only reduced the cooling time and surface degradation but
also significantly increased the temperature gradient and resulted in higher bend angle.
The cooling conditions, such as natural cooling, forced cooling, and underwater cooling,
have demonstrated varying effects on bend angles, mechanical properties, and
microstructure. Additionally, the impact of cooling conditions on edge effects and
residual stresses has been studied, with mixed findings regarding their influence.
Overall, the literature emphasizes the need to carefully control and optimize cooling
conditions to achieve desired bend angles, productivity, and material properties in laser

bending processes.



2.3. Modelling of Laser Bending Process

2.3.1. Numerical Modelling

Numerical modelling plays a crucial role in the study of laser bending by providing a
means to simulate and predict the bending behavior of materials under various process
parameters. These models utilize mathematical and computational techniques to
simulate the thermal and mechanical phenomena that occur during laser bending,
allowing researchers to gain insights into the underlying mechanisms and optimize the
process. Vollertsen et al. developed the FDM and FEM models for laser bending and
got the temperature distribution and bend angle. The model was limited to material
properties independent of temperature. Hsiao et al. (Hsiao, 1997; Hsiao et al., 1997)
developed the numerical model for the laser bending of Low-carbon steel, HY-80,
HSLA steel, aluminium alloy, titanium alloy, and Inconel alloys. They measured the
out-of-plane transient displacement of the plate and predicted the metal movement while
laser heating, and determined the required heating pattern to achieve a predefined shape.
They explained the bending mechanism with thermal stress distribution and analyzed
the effect of process parameters. Kermanidis et al. (Th. B. Kermanidis, An. K.
Kyrsanidi, 1997) developed a numerical model for laser bending using ANSYS code.
They incorporated the temperature-dependent thermal (Conductivity, specific heat),
physical (density), and mechanical properties (young’s modulus, poisson ratio) by linear
interpolation. The model was found to be in good agreement with the experimental

results.

Odumodu and Das (Odumodu and Das, 1997) developed a numerical model by
considering the Gaussian surface heat flux and double-ellipsoid power density model.
The heat distribution equation is given in Equation 2-1. Where Q is the power supplied,
a,b and c are the semi-axis of the ellipsoid, and Xo, Yo, and zo are the start point in X, Y,
and Z directions. The convective and radiative boundary conditions were incorporated
by Equation 2-2. Where, h is the effective heat transfer coefficient, T is the temperature
in Kalvin, € is emissivity, and K (0.00241 to 22.72) is constant for hydrodynamic and

temperature of an impinging jet.
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Ji and Wu (Ji and Wu, 1998) developed a numerical model based on the simplified
mathematical model in which thermo-mechanical coupling is neglected and analysed
the laser heating process only. They validated the computed FEM results with FDM and
analysed that the temperature of upper and lower surfaces was increased with laser
power but decreased with an increase in scanning speed and sheet thickness. Tong
(Tong, 1998) performed a numerical study on the laser bending of titanium alloy using
the finite element method. He used two separate codes, TOPAZ3D and LS-NIKE3D,
for thermal and mechanical analysis, respectively. He predicted the surface peak
temperature and bend angle using these codes for two thicknesses of titanium sheets.
Shen et al. (Shen et al., 2018a, 2018b) developed a numerical model based on the
minimum energy principle, including optimization to determine the strain distribution
required for the target shape. Based on that strain distribution, the scanning path was
planned to convert a singly curved sheet into a doubly curved sheet and vice versa
Castillo et al. (Castillo et al., 2018) numerically characterized the effect of strain rate in
laser bending. They reported that a strain-independent plastic model could not predict
the deformation adequately, especially at high maximum temperatures. They proposed
a strain rate-dependent viscoplastic model including a stress-dependent viscosity law
and found that the model-predicted bend angle was in good agreement with that of the

experimental, even at high maximum temperatures.

Bucher et al. (Bucher et al., 2016) conducted a numerical study on the laser bending of
closed-cell Al-foam, developing three different geometry models (equivalent solid,
Kelvin-cell, and voxel model) for predicting temperature and heat flow. They validated
these models with experiments and reported that the equivalent solid model was the
simplest and fastest but had the highest error compared to the experiments. On the other
hand, the voxel model gave the best prediction with minimum error, but it was complex
and took longer computation time. Kumar and Dixit (Kumar and Dixit, 2018) developed
a numerical model to estimate the hardness of a laser-bent worksheet. The model

incorporated factors such as strain hardening, phase transformation, and cooling rate.



The results of the model were found to be in good correlation with experimental findings
of Vickers hardness.

Numerical modelling has emerged as a powerful tool in the field of laser bending,
offering researchers the ability to simulate and analyze the bending process in a virtual
environment. These models provide insights into the temperature distribution, bend
angle, and other critical parameters, enabling process optimization and a deeper
understanding of the underlying physics. By reviewing the literature on numerical
modelling in laser bending, researchers can identify trends, limitations, and potential
areas for further investigation, leading to advancements in this important manufacturing

process.
2.3.2. Analytical Modelling

Analytical modelling plays a significant role in understanding and predicting the
bending behavior of materials during laser bending processes. By formulating
mathematical equations and utilizing fundamental principles, analytical models provide
a simplified yet effective approach to estimating the bend angle, deformation, and other
important parameters associated with laser bending. First of all, Geiger and Vollertsen
(Geiger and Vollertsen, 1993) explored the mechanism behind laser bending and gave
a two-layer model for the prediction of bend angle (Equation 3) and reported that the
thermal expansion and worksheet thickness are the most significant factor. After that,
Vollertsen et al. (Vollertsen et al., 1995) gave the first analytical model for the buckling
mechanism and predicted the bend angle for the same, given in Equation 4. Mucha et
al. (Mucha et al., 1997) developed an analytical model for bend angle prediction. They
reported that the bend angle was dependent on the shape of the plastically deformed
zone. The model was experimentally validated, and it found that the predicted data is in
good agreement with the experimental. Dovc et al. (Dov¢ et al., 1999) proposed an
analytical model for optimizing the deformation of circular plates using pulsed laser
beams. They reported that the depth of plastic deformation was reduced with an increase
in laser pulse radius, and the permanent deformation at the centre increased with laser
pulse energy upto a limit and then started decreasing. Geiger and Huber (Geiger, and
Huber, 1999) proposed a model to predict the contraction, which helps in alignment and

adjustment applications.



Hao and Li (Hao and Li, 2003b) proposed an analytical model for tube bending, in which
laser scanned the top half of the tube periphery. The bend angle was calculated by taking
the strain difference between the scanned and unscanned regions. Imhan et al. (Imhan
et al., 2017) improved the analytical model discussed above by including the
temperature-dependent properties of the material and reduced the error significantly.
Gou et al. (Gou et al., 2018) presented a thermal-microstructure-mechanical model that
integrates thermal, mechanical, and microstructural aspects during the laser bending
process. They developed this model using a temperature-controlled mixed hardening
law and kinetic transformation model. The resulting model was able to accurately
predict the mechanical deformation (bending) as well as the microstructural distribution
in the laser-scanned worksheet. They also proposed another model for perdition of bend
angle under preloading (Guo et al., 2020). Li and Wang (Li and Wang, 2019b)
developed an analytical model to estimate the bending angle of laminated sheets made
of stainless steel and carbon steel. They established temperature distribution equations
for both material layers and estimated plastic deformation based on the recrystallization
temperature of each material. The average compressive stress in the plastic zone of both
materials was then calculated using the integral method. Finally, the model was further
developed by optimizing the average compressive stresses and the depth of the plastic
zone using mechanical equilibrium. The model was found to be in good agreement with

experimental results, with an average error of 9.95%.

Mulay et al. (Mulay et al., 2020) proposed an analytical model for the prediction of bend
angle. The model was based on the comparison of strain energy stored in laser irradiated
area due to thermal stresses and the strain energy associated with the reactive bending
moment of the sheet. The model was experimentally validated and found well aligned
with an average error of 13.06%. They applied a similar approach to multi-scan laser
bending and proposed an analytical model specifically for multi-scan bending as well
(Mulay et al., 2021). Ye et al. (Ye et al., 2021) also derived a new analytical model for
the prediction of deformation that was based on internal force balance and energy
transformation. Nath and Yadav (Nath and Yadav, 2022) proposed an analytical model
for estimating the temperature and bend angle. The temperature model is based on the
3D heat distribution equation, considering conduction and convection losses, and it has

been validated with experimental results. Once the temperature distribution was



validated, the strain on the top and bottom surfaces was calculated. The bend angle was
then predicted based on the difference between these strains.

Researchers have continuously improved and refined analytical models to enhance their

accuracy and applicability. Some models have incorporated additional factors such as
microstructural changes, mechanical properties, and strain energy considerations to
capture the complex behavior of materials during laser bending. Analytical modelling
in laser bending has also been extended to specific applications, such as tube bending
and laminated sheet bending, where specialized models have been proposed to cater to
the unique characteristics of these geometries. By reviewing the existing literature on
analytical modelling, researchers can identify the strengths, limitations, and potential
areas for further development in this important field of study.

2.3.3. Soft-computing Modelling

As discussed in the previous section, the deformation behavior of the material in the
laser bending process on various process parameters makes it challenging to predict and
control the final shape accurately. Soft computing is a promising tool for managing these
process parameters and predicting the deformation with high accuracy. Soft computing
methods, including artificial neural networks, fuzzy logic, and genetic algorithms, can
be used to create models that can learn from past data and optimize the process
parameters for better bending accuracy. The laser bending process can be made more
efficient, cost-effective, and accurate with the integration of soft computing and leading

to improved manufacturing quality and increased productivity.

Shimizu (Shimizu, 1997) proposed an algorithm to determine the heating process
parameters for a given set of scanning lines to produce the predefined shape. They
optimized those parameters and validated them experimentally. Giannini and Guarino
(Giannini and Guarino, 2016) developed a numerical model based on fuzzy logic to
describe uncertainty. The model characterized the residual bending for different
parameter combinations and selected process parameters and uncertainties related to the
model. This model facilitated the selection of the best operational parameters with
minimal uncertainty. Esfahani et al. (Esfahani et al., 2016) applied a genetic algorithm
and ANFIS to optimize the mesh density of the finite element model used for laser

bending in a circular path. They found that increasing mesh density improved the



accuracy of the model, but after a limit, the accuracy did not improve much, although
the computational time increased drastically. The researchers optimized the mesh
density to achieve satisfactory accuracy with minimal computational time to balance
accuracy and computational efficiency. Jovic et al. (Jovi¢ et al., 2017) determined the
influence of process parameters using ANFIS and predicted the process parameters for
maximum bending and thickening of the shaped surface. Maji et al. (Maji, 2019b; Maji
et al., 2018) developed an adaptive ANFIS based model for the prediction of bending as
well as thickening of the sheet. The model predictions were in good correlation with the
experiments for both forward (deformation) and backward (process parameters)
predictions. They also analyzed the influence of Fourier number in laser bending and
reported that it is one of the key factors for the process.

Lambiase et al. (Lambiase et al., 2016) used artificial neural network techniques to
optimize the process condition for maximum productivity. The ANN model was trained
with experiments performed for various scanning speeds, number of scans, laser power,
and cooling medium. They reported that the optimum parameters for maximum bend
angle and maximum productivity are different because the cooling time between
consecutive scans significantly affected the productivity. Fetene et al. (Fetene et al.,
2018c) constructed an artificial neural network using an experimentally validated finite
element model to generate additional data for training a radial basis function neural
network. The resulting radial basis function neural network was utilized to predict the
range of bend angles and was further validated, showing good agreement with the
observed data. Safari and Joudaki (Safari and Joudaki, 2018) also predicted the bend
angle for tailor machine blank using the artificial neural network with an accuracy of
1.1%. Other researchers also proposed the fuzzy based models and ANN for the
prediction of bend angle as well as process parameter for predefined band angle (Nejati
et al., 2018) (Ponticelli et al., 2018) (Safari and Joudaki, 2018) (Gisario et al., 2020)
(Maji et al., 2020) (Keshtiara et al., 2021).

In the literature review of laser bending, several soft computing modelling approaches
have been proposed to address the challenges in predicting and controlling the
deformation behavior. Researchers have applied algorithms, such as genetic algorithms,
fuzzy logic, and artificial neural networks, to optimize process parameters for achieving

predefined shapes, considering uncertainties, and maximizing productivity. These



models utilize past experimental data to train and optimize the parameters, enabling
accurate predictions of the bend angle and other relevant factors. The integration of soft
computing with laser bending opens up opportunities for further advancements and
optimizations in this field of study.

2.4. Complex Shape Generation

2.4.1. 3D Laser Bending

3D laser bending is a process that enables the formation of complex three-dimensional
shapes by selectively irradiating a metal sheet with a laser beam. This technique has
gained significant attention due to its ability to produce intricate geometries with high
precision and efficiency. Researchers have explored various aspects of the process,
including the influence of laser exposure time, scanning parameters, sheet thickness,
laser power, scan speed, and scanning curve height on the deformation behavior and
final shape achieved. Analytical models, numerical simulations, and experimental
investigations have been conducted to better understand the underlying mechanisms and

optimize the process parameters for specific bending requirements.

Chakraborty et al. (Chakraborty et al., 2016) shaped a circular blank into a bowl shape
by directing a stationary laser beam at its center. They noted that the degree of
deformation increased with longer laser exposure times. Shahabad et al. (Shahabad et
al., 2017a, 2017b) investigated the parametric influence on the dome shape formed with
laser bending. They reported that the height of the dome increased with line energy, heat
flux, and laser power, whereas, it reduced with sheet thickness, beam diameter, and scan
speed. Based on the numerical output they obtained an equation to predict the dome

height which found to be in good agreement with experimental results.

Kant and Joshi (Kant and Joshi, 2018) attempted curvilinear bending to generate 3D
complex shapes and investigate the effect of the arc height of the curved scan. They
observed that bending did not occur along the scanning line; instead, the sheet was bent
parallel but with an offset outside the scan line. The curve height of the scanning line
significantly influenced the bending offset, bend angle, and edge effect. The bending
offset increased with curve height, whereas the bend angle reduced with curve height at

high power and low scan speed but increased for low power and high speed. The edge



effect was found to be reduced up to a limit but increased drastically with further
increases in curve height, possibly due to warping at the free edge. Wang et al. (Wang
etal., 2020) also conducted an investigation on the curvature bending of metal laminated
composite plates, where it was observed that the sheet exhibited double curvature
deformation. The study revealed that the bend angle increased with laser power up to
700 W and remained constant thereafter. Additionally, the bend angle decreased with
an increase in scanning speed at low laser powers, while it increased at high laser power.
Gisario et al. (Gisario et al., 2016b) developed a 3D complex geometry (spoon) using a
high-power diode laser. The study reported that the scanning pattern significantly affects
the bend angle, and scanning at an optimum distance from the worksheet edge results in
a higher bend angle due to less heat accumulation at the edge. Figure 2-13 shows the
spoon shape formed by laser bending and the finished product after sand blasting and

spray coating.

Figure 2-13. (a) 3D spoon geometry formed with laser bending (b) spoon after
improved surface quality by sandblasting and spray coating

Safari and Mostaan (Safari and Mostaan, 2016) attempted to form a cylindrical surface
of a particular radius of curvature by laser bending process. The worksheet was
irradiated along simple linear lines parallel to each other. They developed an analytical
model for the prediction of the number of scanning lines required to form a cylindrical
surface of a specific radius of curvature. Abolhasani et al. (Abolhasani et al., 20193,
2019b) attempted to create a 3D shape by using a double raster scanning approach.
According to this approach, laser irradiated along multiple lines near the two long edges
of the worksheet. The effect of scanning line length, beam diameter and the gap between
the lines were investigated, and observed that the deformation increased with an increase
in the gap between scanning lines for constant beam diameter. Whereas, the total plastic
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strain reduced with an increase in beam diameter and a decrease in the gap between scan
lines which resulted in lower deformation. Lazarus and Smith (Lazarus and Smith, 2018,
2017) explored the formation of 3D complex shapes from flat sheets by using laser
cutting and bending simultaneously (Figure 2-14). Many other researchers also
developed different 3D shapes using laser bending process (Hao et al., 2021) (Kaglyak
et al., 2021) (Wang et al., 2022a) (Wang et al., 2022b).

10 mm

10 mm

Figure 2-14. Various complex shapes generated from flat sheet

The literature on 3D laser bending demonstrates the feasibility and versatility of this
technique for shaping metal sheets into complex three-dimensional geometries.
Researchers have successfully achieved various desired shapes by optimizing process
parameters and understanding the interplay between laser energy, scanning patterns, and
material behavior. The studies highlight the importance of parameters such as laser
power, scanning speed, curve height, beam diameter, and the gap between scanning
lines in controlling the deformation and achieving the desired shape characteristics.
Overall, the literature underscores the significance of ongoing research and development
in 3D laser bending to further enhance process efficiency, control, and application

versatility. Continued advancements in this field have the potential to revolutionize
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manufacturing capabilities and open new possibilities for the production of complex

three-dimensional components.
2.4.2. Scanning Strategies

Scanning strategies play a crucial role in the laser bending process as it determine the
shape and characteristics of the final product. Researchers have investigated various
scanning strategies to optimize the deformation behavior, control the shape, and
improve the uniformity of the bent sheet. Hennige et al. (Hennige et al., 1997) reported
that multiple scans are required to get high deformation, but the radius of curvature is
also varying with the number of scans and scanning strategy. They attempted two
scanning strategies in order to generate a bend angle of 30°. First approach, multiple
passes along a scanning line and then move to the next one, and second approach,
multiple passes along with different scanning lines placed at a particular distance from
each other. The radius of curvature increased with the increase in distance between
scanning lines, and the required number of scans was reduced to generate a pre-defined
bend angle. Magee et al. (Magee et al., 1998c) developed a demonstrator system for the
laser bending of large aluminium alloy sheets. They have attempted to form a large
rectangular flat sheet into a cylinder of 900 mm radius. During this demonstration, they
found that the scanning pattern, starting point of scan, direction of scan, clamping
location of the worksheet, and energy input significantly affect the final geometry and
dimension of the product. They found that the same scanning scheme for multiple scans
leads to distortions in the sheet, and to avoid that, it needs to alter the above-mentioned

variables.

Chakraborty et al. (Chakraborty et al., 2016) attempted to form a bowl shape by
directing a stationary laser beam toward the center of a circular blank. They reported
that the resulting shape was more symmetrical than those formed using moving laser
irradiations. Cook et al. (Cook et al., 2016) attempted to form a cranial prosthesis with
laser bending and compare it with the desired shape, which was taken from a CT scan
of human skull. In that process, first, they observed the effect of parameters (power and
scan speed) on the bend angle and determined the strain field by straightening the
desired shape. Based on the strain field and parametric influence, they decided the
scanning path and parameters. The scanning path is taken radially with a spacing of 1.5

mm between the scans, as shown in Figure 2-15. Gao et al. (Gao et al., 2017, 2016)



conducted a similar study on the development of ship hull shapes using a laser bending
process. They deformed the initial shape into the desired shape using a virtual press in
numerical simulation and extracted the strain-displacement field. Based on this data,
they determined the scanning scheme, energy parameters such as laser power, and
scanning speed required for achieving the desired shape.

(a) (b)

Figure 2-15. (a) Scanning scheme for manufacturing cranial prosthesis and (b) cranial
prosthesis manufactured by laser bending

Dehghan et al. (Dehghan et al., 2016) attempted two different scanning strategies,
radial-circular and spiral, to form a dome shape. They observed that the formed shape
and stress distribution were more uniform with spiral scanning compared to radial-
circular scanning. This was attributed to the fact that the bending direction during the
two perpendicular radial scans was opposite, resulting in non-uniform deformation in
radial-circular scanning. Yang et al. (Yang et al., 2004) explored two other scanning
schemes, namely, cross spider and radial lines, on different-shaped sheets, including
square, rectangular, and circular. They reported that the spider scanning pattern
transforms all shapes into a dome shape, while radial scanning transforms the
rectangular sheet into a saddle shape. They also observed that the dome shape formed
by the circular sheet is more symmetrical than that of the square. Tavakoli et al.
(Tavakoli et al., 2017a, 2017b) optimized scanning schemes for two different patterns:
circular and radial, to obtain a uniform shape. They explored various scanning schemes
for circular irradiation, such as clockwise (CW) or anti-clockwise (ACW), continuous
and discontinuous scanning, starting from the same point or with an angular step (as
shown in Figure 2-16(a)). They found that continuous CW and ACW scanning with an

angular step of 180° gave better uniformity to the dome shape. Similarly, for the radial
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scanning pattern, they used various schemes, such as diagonal scan or radial scan, radial
scan in converging or diverging direction, radial scan crossing the center or not, with or
without a 30° angular step while moving to the next scan (Figure 2-16(b)). They reported
that the radial converging scan without crossing the center with a 30° angular step was
the best optimum for achieving high deformation and uniform shape. In continuation of
these studies, Tavalkoli et al. (Tavakoli et al., 2018) compared the circular and
hexagonal scanning paths with 180° step to the start point and 30° rotation of hexagon
in successive paths. They observed that the dome height achieved in hexagonal scanning
was twice that of in circular case, although the edge distortion was also increased
marginally. Chakraborty et al. (Chakraborty et al., 2018) investigated the mechanism
behind the forming of bowl shape by radial laser scans. They revealed that the bending
occurred because of two phenomena, the first is thickening along the scan line due to

shrinkage, and the second one is localized buckling in the scanning region.

— = Scanning Direction; @ = Start Point; P = Scanning sequence: R= Scanning radius

ACW with same start point CW and ACW with angular step ACW with angular step Discontinuous ACW Discontinuous CW and ACW

Non-cross no angular step Non-cross converging no angular step Non-cross diverging no angular step

(b)
Figure 2-16: Various scanning strategies for dome shape (a) circular, (b) radial

Shen et al. (Shen et al., 2018a, 2018b) developed a numerical model for optimizing the

scanning path and process parameters based on the difference between the strain
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distribution of the target and initial sheet. They utilized the nonlinear deformation theory
based on the minimum energy principle to optimize in-plane and out-of-plane strains,
allowing the deformation of a singly curved sheet to a doubly curved sheet and vice
versa. Thomsen et al. (Thomsen et al., 2019b) conducted a study on the total bend angle
achieved and the smoothness of the bending curvature for various combinations of
scanning lines (3, 5, 9, 15, 45) and scanning passes (15, 9, 5, 3, 1) while maintaining a
constant total number of scans (45) in two different bending lengths (16 mm and 20
mm), as shown in Figure 2-17. The authors observed that higher numbers of scanning
lines resulted in greater bend angles and improved smoothness for both bending lengths.
Additionally, they found that longer bending lengths (20 mm) produced higher bend
angles and smoother bending curvatures than shorter lengths (16 mm). Safari (Safari,
2022) compared the linear and curved scanning schemes and reported that linear
scanning provided a higher bending angle with greater uniformity compared to the
curved scanning scheme. Many other studies were also available in the literature which
showed the influence of scanning schemes and proposed different scanning schemes to
achieve a predefined target shape (Luo et al., 2020) (Khandandel et al., 2020) (Ye et al.,
2020) (Safari et al., 2020b) (Safari et al., 2021) (Wang et al., 2021a).
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Figure 2-17. Different combinations of scanning lines, number of scans for two
different bending lengths (a) 16 mm, (b) 20 mm

Researchers have investigated various scanning patterns and demonstrated their
influence on the shape, bend angle, radius of curvature, symmetry, stress distribution,
and overall quality of the bent sheet. The studies emphasize the importance of

optimizing scanning parameters and considering factors such as scanning path,



direction, spacing, clamping location, and energy input to obtain the desired shape and
minimize distortions. The continuous exploration of scanning patterns, optimization
techniques, and process parameters will contribute to the development of advanced laser
bending technologies and their wider application in industries such as aerospace,

automotive, and manufacturing.
2.5. Materials Processed with Laser Bending

Laser bending has emerged as a promising technique for shaping various materials due
to its ability to induce localized plastic deformation without the need for traditional
mechanical tools or dies. This literature review focuses on the specific material
processing using laser bending, exploring its applications, process parameters, and
resulting effects on different materials. The reviewed literature covers a wide range of
materials, including steel, living organisms, titanium, composites, aluminium alloys,

ceramics, metal foam, magnesium alloys, superalloys, Inconel, and bi-metal sheets.

Steel: Steel, being a widely used material in automotive and construction industries, has
been extensively investigated for laser bending. Geiger et al. (Geiger et al., 1993)
suggested that laser bending is an efficient tool for straightening the car body shell made
of steel (St14). Pridham and Thomson (Pridham and Thomson, 1994) made cubical
prototypes of mild steel and SS304 by laser bending. Chen et al. (Chen et al., 1998a)
studied the microscale laser bending of stainless steel using a pulsed laser. Castillo et al.
(Castillo et al., 2018) examined the effect of strain rate during the laser bending of
stainless steel sheets. They found that the strain rate-dependent viscoplastic model gives
better agreement with experimental results than the rate-independent plastic model,
especially for high-line energy parameters. Gisario et al. (Gisario et al., 2016b)
generated a 3D spoon shape of stainless steel (AISI304) using high-power diode laser.
They reported that the scanning at an optimum distance from the worksheet edge results
in a higher bend angle due to less heat accumulation at the edge. Lambiase et al.
(Lambiase et al., 2016) analyzed the productivity of multi-scan laser bending of
AISI304. They conducted experiments to investigate the effects of various process
conditions, including the number of scans, laser power, scanning speed, and cooling
conditions. They trained an artificial neural network with those experimental results and
determined the optimal process conditions for achieving the required bend angle with

minimal processing time. Maji et al. (Maji et al., 2016) investigated the influence of



energy and geometry parameters on bend angle during multi-scan laser bending of AlSI
304. They observed that the bend angle increased with laser power, number of scan and
worksheet width, whereas reduced with the scanning speed. Chinizadeh and Kiahosseini
(Chinizadeh and Kiahosseini, 2017) explored the laser bending of AISI316 under two
different cooling conditions: natural cooling and forced cooling. They applied forced
cooling using a cold plate (with a circulation of cold fluid at 0°C) placed below the
worksheet. The authors analysed the bend angle, mechanical properties and

microstructure in both the cooling conditions.

Titanium: Arcella et al. (Arcella et al., 1995) explored the laser bending of titanium for
the first time and reported that laser bending could be a potential tool for forming
titanium. Magee et al. (Magee et al., 1998b, 1997) explored the laser bending of Ti alloy
and studied the influence of energy parameters on bend angle. They reported that due to
the low thermal conductivity of the material temperature gradient mechanism dominated
in laser bending. Tong (Tong, 1998) estimated the top surface temperature and bend
angle for titanium plates of two different thicknesses using a finite element-based
numerical model. Gisario et al. (Gisario et al., 2016a) attempted to bend a titanium alloy
using external force-assisted laser bending and achieved an angle of 80-140° with a fillet
radius of less than 2 mm. They were also able to control the spring-back up to 10 times
that of mechanical bending. Froend et al. (Froend et al., 2017) attempted to bend a t-
joint welded dissimilar titanium alloys (Ti-6Al-4V and cp-Ti) to compensate the
deformation occurred during welding. Mjali et al. (Mjali et al., 2017) compared laser
bending and mechanical bending in terms of hardness and microstructure of bent
titanium sheets. They found that mechanical bending did not change the microstructure,
and the hardness was also comparable to the unprocessed worksheet, whereas laser

bending increased the hardness as well as grain size.

Composite: The investigation of composite materials for laser bending applications has
garnered significant attention, encompassing both metal matrix composites and fiber-
metal laminates. Yau et al. (Yau et al., 1996) explored the laser bending of metal matrix
composite for the first time. They bent the Al-based metal matrix composite sheet by
80° in 200 scans without affecting the microstructure. Seyedkashi et al. (Seyedkashi et
al., 2016) attempted the laser bending of steel-copper composite and compared it with
that of steel (SUS430) and copper (C11000). They found that the copper sheet bent to



around 3°, steel to 45°, and the steel-copper composite sheet bent to nearly 10° after 20
scans. Gisario and Barletta (Gisario et al., 2020; Gisario and Barletta, 2018) explored
the laser bending of fiber-metal laminates (FMLs) composite and observed that laser
bending could be a viable option for the shaping of FMLs. They investigated the
parametric influence on the bending of FMLs and also discussed the issues associated
with the bending of FMLs, like; delamination. Liu et al. (Liu et al., 2018) conducted
laser bending experiments on Cu-Ni laminated composite sheets and concluded that
bending accuracy in the range of microns could be achieved without delamination.
However, they also observed surface roughening in the formed region, which increased
with higher laser energy supplied to the composite sheet. Li and Wang (Li and Wang,
2019a) investigated the laser bending of multilayer laminated sheets of stainless steel
and carbon steel and compared with the stainless-steel sheet of the same thickness. They
reported that the heat flowed in the thickness direction is less in laminated sheet as
compared to stainless steel sheet due to the interfacial resistance between material
layers. The depth of the plastic zone was less in laminated sheets, resulting in a lower

bend angle as compared to stainless steel sheets.

Aluminium alloy: Magee et al. (Magee et al., 1998b, 1997) explored the laser bending
of aluminium alloy and studied the influence of energy parameters on bend angle. They
reported that the high thermal conductivity of the material leads to a low bend angle due
to low-temperature gradient. The bending mechanism involved in bending Al alloy
changed from temperature gradient to buckling at low scanning speed and high beam
diameter to thickness ratio because of low-temperature gradient and stiffness. Ramos et
al. (Ramos et al., 1998) examined the microstructure of laser bent aluminium alloy
(AA2024) sheets. They introduced a term called accumulated energy density (AED) to
quantify the energy supplied to the worksheet. They reported that below 25 J/mm? of
AED the sub-grains were formed, and partial recrystallization occurred of aluminium
alloy. In contrast, complete recrystallization and elongated crystal structure were
observed between 25 to 133 J/mm?of AED. Fusion took place at a higher value of AED
(133 to 25 JJmm2). Gisario et al. (Gisario et al., 2016) attempted to bend an aluminium
alloy using external force-assisted laser bending and achieved an angle of 90-140° with
a fillet radius of less than 2 mm. They were also able to control the spring-back up to 30
times that of mechanical bending. Siqueira et al. (Siqueira et al., 2016) investigated the

laser bending of high-strength aluminium alloy AA6013-T4. They reported that for



maximum bend angle the melting should not exceed 38% of the sheet thickness. Roohi
et al. (Roohi et al., 2017) explored the laser bending of the AlI6061-T6 aluminum alloy
and investigated the effect of process parameters. They found that the number of scans
and laser power had a direct relationship with the bend angle. However, the bend angle
was more sensitive to the number of scans than the laser power. On the other hand, they
observed an inverse relationship between sheet thickness and scan speed. Furthermore,
the bend angle was more sensitive to sheet thickness than scan speed.

Metal foam: Metal foam has emerged as a fascinating domain within materials science,
offering a unique combination of mechanical properties and lightweight characteristics
that render them promising candidates for various engineering applications (Changdar
and Chakraborty, 2021). Their intricate cellular structures and high surface-area-to-
volume ratios present novel challenges and opportunities in shaping and deformation
techniques. Bucher et al. (Bucher et al., 2019a, 2019b, 2016; Bucher and Yao, 2018)
attempted the laser bending of closed-cell aluminium foam and analyzed the thermal
aspects of three different geometric models (equivalent solid, Kelvin-cell, and voxel
model). They validated their findings through experiments and reported that although
the voxel model was computationally intensive, it best predicted the temperature and
heat flow. They also explored the bending of metal foam (AISi10) with two facesheets
of AW 5005 (sandwiched metal foam) and reported that the kelvin sandwich model gave
better predictions in comparison to the equivalent model (Bucher et al., 2018a). Roohi
et al. (Roohi et al., 2018) investigated the influence of energy parameters during the
bending of closed-cell aluminum foam. It was observed that the bend angle increased
with laser power and number of scans and reduced with scanning speed and beam
diameter. Zhang et al. (Zhang et al., 2018) also investigated the closed-cell foam and
reported similar observations. In another study, Zhang et al. (Zhang et al., 2022; Zhang
and Yao, 2022) conducted a study on the energy absorption behavior and mechanical
strength of laser-formed metal foam. Their findings revealed that the cells within the
laser-formed specimen experienced crushing, resulting in a reduction in the energy
absorption capacity compared to the as-received metal foam. It was also observed that
the fatigue performance of the metal foam increased for low loads, whereas, for high

load, the fatigue strength got reduced.



Magnesium alloy: Kant and Joshi (Ravi Kant and Joshi, 2016b, 2016a) explored the

laser bending of magnesium M1A alloy and analyzed the effect of process parameters
on bend angle, edge effect, and mechanical properties. Nath et al. (Nath et al., 2021)
also investigated the bending of AM30 Magnesium alloy numerically. They studied the
single as well as multi-scan laser bending and analyzed the bend angle and edge effect.
They reported that the bend angle increased and the edge effect reduced in multi-scan

bending.

Superalloy: Li et al. (Li et al., 2016) studied the microstructural changes that occurred
in K465 Nickel-based superalloy due to the laser bending. They observed that grain
boundary liquation occurred, and liquid film appeared with the increase in temperature.
Yoshigai et al. (Yoshigai et al., 2016) examined the mechanical properties of a Ni-based
superalloy and reported that the tensile strength had improved, but the elongation and
fatigue strength had decreased after laser bending.

Inconel: Hembram et al. (Hembram et al., 2016) optimized the process parameters for
the laser bending of Inconel-625. They reported that the bend angle increased with laser

power and beam diameter and reduced with scanning speed.

Bi-metal sheet: Gollo and Kalkhoran (Gollo and Kalkhoran, 2017) explored the laser
bending of bi-layer metal sheet (Fe/Al) and investigated the post-bending effect on
mechanical, chemical, and metallurgical behaviour. They reported that laser bending
was the suitable process for the bending of bi-layer metal sheets without degrading the
material properties. Kotobi and Honarpisheh (Kotobi et al., 2019; Kotobi and
Honarpisheh, 2018) conducted a study on the laser bending of a bimetallic sheet (steel-
titanium) produced by explosive welding. They investigated the effect of energy
parameters on residual stresses and bend angle variation. Their observations revealed
that both the bend angle and residual stresses increased with an increase in laser power
and number of scans, and decreased with an increase in scanning speed. Sharma et al.
(Sharma et al., 2018) attempted the laser bending of the Nickle-Titanium sheet and
observed a similar effect of energy parameters on bend angle. Nejad et al. (Masoudi
Nejad et al., 2021) investigated the laser bending of aluminium-copper bimetal sheets
and optimized the process parameters. Their findings indicated that the bend angle
increased with laser power and decreased with scanning speed. Additionally, the bend

angle initially increased and then decreased with beam diameter.



Ceramics: Chen et al. (Chen et al., 1998b) explored the laser bending of ceramics
(Al203/TiC) using a pulsed Nd:YLF laser beam and achieved the microscale bending.
Wu et al. (Wu et al., 2010b) attempted to bend different brittle materials such as Al203,
borosilicate glass, and mono-crystalline silicon. They discovered that by maintaining
the substrates at elevated temperatures, they were able to prevent brittle fracture.
Interestingly, the bending direction varied among the materials. For AI203 and
monocrystalline silicon, bending occurred in the direction of the laser source. Whereas,
for borosilicate glass, the bending took place in towards as well as away from the laser

source.

Cheng et al. (Cheng et al., 2018) explored the laser bending of pseudorotaxane crystals
using lasers of two different wavelengths. They reported that it could bend in opposite
directions using different wavelengths without any decay. This bending occurred by II-

IT interaction between trans-azobenzene groups.

Overall, laser bending offers a versatile approach to shaping various materials,
eliminating the need for conventional mechanical tools and dies. The reviewed literature
highlights the effectiveness of laser bending in processing specific materials, providing
insights into process parameters, bending mechanisms, microstructural changes, and
optimal conditions for achieving desired bend angles. Further investigations and
advancements in laser bending technology are expected to expand its applications and

enhance its effectiveness in shaping a wide range of materials.

2.6. Mechanical Properties and Metallurgical Variation in Laser

Bending

2.6.1. Mechanical Properties

It is essential to examine the mechanical properties of laser-formed parts to evaluate the
suitability and performance of components produced through laser bending. This
literature review explores the mechanical properties of laser-formed parts, including
hardness, tensile strength, elongation, and surface quality. Arcella et al. (Arcella et al.,
1995) explored the laser bending of titanium, and characterized the material properties.
They found that the mechanical properties of the formed part are better than the ASTM

specifications for C-2 titanium. Mahar et al. (Maher et al., 1998) examined the post-



bending effect on the hardness of titanium, steel, Inconel 718, and aluminium alloy and
found that the hardness had enhanced for titanium, steel, and aluminium alloy however,
for Inconel 718, it was unaltered.

Akinlabi and Shukla (Akinlabi and Shukla, 2016) performed the tensile test, micro
Vickers hardness, and analyzed the residual stresses of laser-formed steel sheet and
compared with parent material. The study revealed an 18% improvement in the yield
strength of the bent sheet and a 40% increase in hardness was observed. Furthermore,
the residual stresses were observed to have changed from compressive to tensile. Kurp
etal. (Kurp et al., 2016) analyzed the mechanical properties and microstructure of laser-
formed construction bars. They reported that the tensile strength and hardness were
improved while the elongation was reduced. They also reported that martensite had been
formed up to the depth of 450 to 600 pm and that the ferrite and pearlite structures were
found to be refined. Maji et al. (Maji et al., 2016) investigated the variation in hardness
in the irradiated region of a laser-bent stainless steel sheet. They observed that the
hardness decreased while moving away from the center of the irradiated line.
Furthermore, they found that the hardness varied in the thickness direction and
decreased as the distance from the irradiated surface increased. Fetene et al. (Fetene et
al., 2018a) investigated the mechanical properties of AH36 steel sheet that underwent
laser bending. They observed an improvement in hardness within the scanning region,
which decreased as the distance from the center line of the scan increased. Additionally,
they found that the flexural strength of the bent sheet increased with the amount of

energy provided to the sheet.

Abazari et al. (Abazari et al., 2017) investigated the mechanical properties of a laser-
formed steel-copper-steel laminate composite. They found that the elongation reduced
up to 30 passes, then increased for further irradiations. Similarly, fatigue life and
microhardness improved in the initial scans but were reduced in the later scans. It may
be due to martensite formation in the heat-affected zone (HAZ) during the initial scans,
which later converted into ferrite. Gollo and Kalkhoran (Gollo and Kalkhoran, 2017)
examined the chemical and mechanical behaviour after the laser bending of bi-layer
sheet (Fe/Al). They found that the corrosion resistance, and tensile strength of laser bent
sheet had increased with the number of scans, whereas ductility had decreased.

Seyedkashi et al. (Seyedkashi et al., 2019) characterized the mechanical and



microstructural behaviour of laser-bent the stainless steel and copper-cladded sheet.
There was no significant change observed in microhardness and microstructure of
cooper and steel layers whereas tensile and fatigue strength was found to be improved
after multiple passes. Wang et al. (Wang et al., 2021b) examined the material properties
of laser-formed stainless steel-carbon steel-stainless steel laminated composites sheet.
The results indicated that the ultimate tensile strength of the composite increased from
562 to 582 MPa, while the yield strength improved from 395 to 455 MPa. Additionally,
the microhardness of the top stainless-steel sheet exhibited a variation from 245 to 229
Hv, whereas the bottom stainless-steel sheet showed a change from 232 to 243 Hv.

Chinizadeh and Kiahosseini (Chinizadeh and Kiahosseini, 2017) investigated the
influence of natural and forced cooling on the mechanical properties of AISI1316. They
reported that the hardness decreased during natural cooling, whereas it increased during
forced cooling. This was attributed to the grain size, which increased during natural
cooling and decreased during forced cooling. Sala et al. (Sala et al., 2022) investigated
the surface quality of a laser-formed titanium alloy and analyzed the effect of process
parameters on the surface quality. It was observed that the surface roughness increased
after laser bending, and micro-cracks were also observed near the laser-processed
surface. The number of micro-cracks increased with laser power density, the number of

scans, and the overlap.

The literature review reveals that laser bending has a significant impact on the
mechanical properties of formed parts. The findings suggest that laser-formed parts can
exhibit improved mechanical properties compared to their initial states. This includes
enhanced hardness, tensile strength, and yield strength in materials such as titanium,
steel, aluminum alloy, and laminated composites. However, certain materials, like
Inconel 718, may not experience significant changes in their mechanical properties after
laser bending. Surface quality, as indicated by roughness and the presence of micro-
cracks, is another crucial aspect that affects the overall performance and durability of
laser-formed components. Overall, the literature highlights the importance of
considering the mechanical properties of laser-formed parts, enabling informed design
decisions, and ensuring the suitability and reliability of laser-formed components for

diverse applications.



2.6.2. Metallurgical Analysis

Comprehensive knowledge of the metallurgical changes in laser-formed parts is
essential for evaluating their structural integrity, mechanical properties, and overall
performance. This literature review focuses on examining the metallurgical alterations
and microstructural evolution in materials subjected to laser bending. Yau et al. (Yau et
al., 1996) investigated the microstructure of Al-based metal matrix composite before
and after the laser bending and found that there is no such variation in the microstructure.
Magee et al. (Magee et al., 1998c) examined the metallurgical changes in laser-bent
titanium alloy (Ti6Al4V) and found that acicular plates of martensite and retained
phase have formed in heat affected zone. Furthermore, these formations decreased while
moving away from the center line and increased with an increase in line energy. Maher
et al. (Maher et al., 1998) investigated the metallurgical alteration after laser bending of
titanium, steel, Inconel 718, and aluminium alloy. They reported that o’ martensite
appeared in titanium, a fine microstructure was observed due to re-austenization
followed by complete martensitic transformation in steel and elongated grains were
observed in HAZ of Al2219, whereas no such changes were observed in Inconel 718.
Fidder et al. (Fidder et al., 2019, 2018, 2017) examined the microstructural
transformation of a-titanium after laser bending and mechanical bending. They found
that multiple microstructural changes occurred in the material like: B to a
transformation, recovery, slip, grain fragmentation, and grain boundary slide. They also
reported that laser bending was more beneficial for fatigue life as compared to
mechanical bending. Akinlabi and Akinlabi (Akinlabi and Akinlabi, 2017a, 2017b)
investigated the microstructural changes in titanium alloy (Ti-6Al-4V) consisting of
both alpha and beta phases in equiaxed and acicular form. It was found that the beta
phase was present in globular form in the matrix of the alpha phase after forming, and
the grain size also got fine. They also investigated the corrosion behaviour of laser
formed titanium alloy and observed that best corrosion resistance was offered by parent
material (Akinlabi et al., 2018).

Kurp et al. (Kurp et al., 2016) examined the microstructure of laser-bent construction
bars and observed that martensite had been formed up to the depth of 450 to 600 um,
and ferrite and pearlite structures were found to be refined after bending. Gou et al. (Gou

et al., 2018) predicted the mechanical and microstructural changes in laser-irradiated



DP590 dual-phase (ferrite-martensite) steel sheets using a thermal-microstructural-
mechanical model. They found that the yield strength of the material improved upto
10% after five scans. This could be attributed to the transformation of ferrite into
austenite during heating, followed by a conversion from austenite to martensite during
cooling. Raza et al. (Raza et al., 2021) investigated the microstructural behavior of
stainless steel during multi-pass laser bending, focusing on achieving varying depths of
melting. The selection of specific process parameters aimed to ensure controlled melting
depths. The results revealed the presence of equiaxed cellular grains within the melted
region, while dendritic grains were observed in the region of interaction between the

melted material and the solid substrate.

Akinlabi and Shukla (Akinlabi and Shukla, 2016) analyzed the microstructural
evolution of laser-bent steel sheets and discovered that the grain size was 60% smaller
compared to the parent material. Fetene et al. (Fetene et al., 2017b) investigated the laser
bending of friction stir processed aluminum and mild steel sheets and compared them
with cement-coated and unprocessed sheets. They found that the grain size of the
friction stir processed sheet decreased after laser bending, resulting in increased
hardness of both aluminum and mild steel sheets. Additionally, they reported that the
hardness decreased linearly from the top to the bottom surface. Moore et al. (Ramos-
Moore et al., 2021) investigated the microstructural changes during laser bending of
stainless steel, interstitial free steel, and aluminium alloy. They observed grain growth

and melting in the high-temperature regions.

Based on the reviewed literature, laser bending induces significant metallurgical
changes and microstructural evolution in various materials. These changes include the
formation of acicular plates of martensite, retained p phase, and o' martensite, as well
as grain refinement and variations in grain size. The depth and extent of these
metallurgical changes depend on factors such as laser energy, line energy, heat-affected
zone, and material composition. Additionally, the presence of equiaxed cellular grains,
dendritic grains, and grain growth in high-temperature regions was observed during
laser bending. These metallurgical changes have implications for the mechanical
properties, corrosion resistance, and fatigue life of laser-formed parts. Further research
is necessary to gain a deeper understanding of these changes and their implications for

the design and manufacturing of laser-formed components.



2.7. Sustainability Aspect of Laser Bending

Laser bending involves the controlled application of laser energy to induce plastic
deformation in metal sheets, resulting in the desired shape without requiring extensive
tooling or complex setups. This section explores various studies that highlight the
sustainability benefits of laser bending, including reduced energy consumption,
minimized material waste, improved accuracy, and environmental friendliness. Laser
bending requires less energy compared to traditional bending processes, as it only heats
a small area of the metal sheet, thereby reducing energy consumption and minimizing
environmental impact. Additionally, laser bending reduces material waste by
minimizing the need for complex tooling and reducing the number of steps involved in

the manufacturing process.

Geiger et al. (Geiger et al., 1993) reported that the shape correction for a car body shell
is 15 times more than its welding time and proposed laser bending for the straightening
of car body shells distorted during the welding operation. It reduced the shape correction
time and saved the loading-unloading time as welding and straightening could be
performed at the same workstation. They also proposed closed-loop straightening,
which offered good accuracy and precision and produced net shape car body shells.
Geiger (Geiger, 1994) proposed the application of laser bending along with other laser
materials processing like laser cutting, joining, heat treatment etc. This practice offered
lower lead time as multiple operations were performed at a single station, which reduced
loading and unloading time, reduced the floor area as less number of stations were
required, reduced the cost and material associated with fixtures and other arrangements,

and also led to efficient use of laser equipment.

Hennige et al. (Hennige et al., 1997) worked on the accuracy of laser bending; they
developed a closed-loop system to control the process. They gave two strategies for
close loop control; in the first one, without changing the laser parameters, they just
increased the number of scans until the difference between required and achieved bend
angle was less than half of the angle achieved in the last scan. In the second strategy,
the laser power was changed according to the difference between the required and
achieved bend angle. Results showed that they achieved an accuracy of £0.8° and +0.2°
with the first and second strategies, respectively. This accuracy of the process makes it

free of secondary operation and shape corrections and makes a sustainable option for



metal forming. Ding et al. (Ding et al., 2016) developed a laser-based measurement
system for quantifying the deformation during laser bending. This system could measure
deformations with an accuracy of up to 0.03 mm, which enabled precise and reliable

measurements of deformation and ultimately improved product quality.

Folkersma et al. (Folkersma et al., 2016b, 2016c, 2016a) attempted the alignment of
optical fibers placed in a microtube using laser bending. They successfully positioned
the fibers with an accuracy of 0.1 um and proposed laser bending as an efficient tool for
micro-level alignment. They reported that this process can avoid the risk of
misalignment after assembly. It also reduced the assembly complications as assembly
accuracy can be relaxed upto 10 um and make the process cost effective. Akinlabi and
Akinlabi (Akinlabi and Akinlabi, 2018) reported that laser bending is a sustainable
manufacturing process due to its non-contact nature and lack of toxic fumes, making it
environmentally friendly and safe for all manufacturing applications. Additionally, laser
bending enables complex configurations to be made, and the system can be automated,
reducing the need for human intervention. These benefits make laser bending a viable
and sustainable manufacturing option, contributing to the modernization and

improvement of manufacturing processes.

The reviewed literature highlights the sustainability benefits of laser bending as a
manufacturing process. The reduced energy consumption, minimal material waste, and
decreased reliance on complex tooling make laser bending an environmentally friendly
option. The ability to achieve high accuracy and precision in bending, along with the
potential for automation, further enhances its sustainability. The applications of laser
bending in car body straightening, shipbuilding, pipe and tube bending, optical fiber
alignment, and more demonstrate its versatility and potential for widespread adoption.
Overall, laser bending proves to be a sustainable manufacturing process that contributes

to the advancement and improvement of modern manufacturing practices.
2.8. Applications

The application of laser bending has gainered significant attention across various
industries due to its potential for the efficient shaping and forming of a wide range of
materials. This literature review aims to explore the extensive research conducted in this

field, highlighting the diverse applications and benefits of laser bending. The reviewed



studies encompass a broad spectrum of disciplines, including automotive
manufacturing, biomedical engineering, aerospace, electronics, and rapid prototyping.
Magee et al. (Magee et al., 1998a) reported that laser bending could be used for
shipbuilding, pipe and tube bending, form dish and spherical shapes, rapid prototyping,
flexible straightening of car body shells, adjustment and alignment of electrical and

electronic components, tensioning the saw blades and forming in space.

Geiger et al. (Geiger et al., 1993) proposed the laser straightening of car body shells,
distorted during the welding operation. They reported that more than 75% of the time
of manufacturing a part is consumed in correction works; using laser bending process
this time can be reduced significantly. Pridham and Thomson (Pridham and Thomson,
1994) suggested that laser bending can be a significant tool for prototyping and making
a cubical prototype. Bachmann et al. (Bachmann et al., 2020) suggested that laser
bending has the potential to be used for rapid-prototyping for metal 3D printing and
lightweight metallic structure manufacturing. Geiger (Geiger, 1994) suggested to use
the laser bending with other laser material processes like: laser cutting, joining, material
property modification etc., which benefits in terms of reducing lead time, tooling cost,
and efficient use of laser equipment. Gudur and Simhambhatla (Gudur and
Simhambhatla, 2022) explored laser bending to shape additive manufactured parts.
They successfully developed complex geometries that were difficult to achieve through
additive manufacturing, including sharp bends, converging overhangs, multiple

overhang features, and twisted profiles, as shown in Figure 2-18.

(a)
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Figure 2-18. Step-by-step shape formation from additively manufactured components
shaped by laser bending

Sobol et al. (E. Sobol, V. Bagratashvili, A. Omel’chenko, 1994) explored the laser
bending in living organisms. They shaped the nasal cartilage successfully using a pulse

and continoues both lasers. Cook et al. (Cook et al., 2016) attempted to manufacture a
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cranial prosthesis with laser bending process and achieved a near-net shape with an error

of 0.2 mm.

Magee et al. (Magee et al., 1997) explored the bending of aerospace materials (Ti alloy
and Al alloy) and opened a new field of application for the process. Yau et al. (Yau et
al., 1998) investigated the bending behaviour of thin steel alloy strips, which were used
in the electronic integrated circuit leadframes. Olowinsky et al. (Olowinsky et al., 1998)
reported that laser bending was used for the adjustment of relays and audio heads for
electromagnetic tape decks. Bachmann et al. (Bachmann et al., 2022) employed laser
bending to transform a 2D-printed circuit board into a 3D structure. They employed high
laser power for cutting and low laser power for localized bending of the component, as
shown in Figure 2-19. In the case of highly reflective materials, they initially oxidized

the surface through laser exposure before proceeding with cutting or bending operations.

Figure 2-19. A step-by-step operational sequence on cutting and bending for the
formation of cube which contained a functioning electronic circuit
Folkersma et al. (Folkersma et al., 2016a, 2016c, 2016b) explored the bending of
microtube containing optical fibers for alignment. They succeeded in aligning the
optical fiber to the accuracy of 0.1 um. Smith et al. (Smith et al., 2018) attempted to
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fabricate an antenna using the laser bending technique and reported that the dimensional
accuracy was superior, and the design modifications were considerably easier compared
to the conventional process. Woizeschke et al. (Woizeschke et al., 2018) employed laser
bending for edge locking in the hemming process and observed that this process can
achieve edge bending without any cracks. Fang et al. (Fang et al., 2022) proposed laser
bending as a viable technique for adjusting pipe assembly. They successfully reduced
the misalignment from 7.086° to 0.154°, effectively aligning the pipes for welding
purposes. Ames et al. (Ames et al.,, 2023) attempted the formation of flexible
mechanisms using the laser bending process. These mechanisms can be used in switch

binary systems and for actuating mechanical parts.

The reviewed literature demonstrates the wide-ranging applications of laser bending
across multiple industries. From automotive and aerospace manufacturing to medical
and electronic sectors, laser bending has shown its potential in reducing lead time,
improving dimensional accuracy, and enabling the fabrication of complex geometries.
Further research and development in this field will uncover new opportunities and refine

the existing techniques.
2.9. Challenges Associated with Laser Bending

The laser bending process presents several challenges that need to be addressed for the
successful implementation of the technology. These challenges include non-uniform
deformation, alteration of material properties, poor process control and repeatability,

residual stresses, poor productivity, and process efficiency.
2.9.1. Non-Uniform Bending

Laser bending is a promising technique for achieving precise deformations in various
materials. However, one of the challenges encountered in laser bending is the non-
uniform deformation along the scan line, commonly known as the edge effect. This
phenomenon poses a significant obstacle to achieving consistent and accurate bending
results. Understanding and mitigating the edge effect is crucial for improving the overall
quality and reliability of laser bending processes. Bao and Yao (Bao and Yao, 2001a)
examined the factors contributing to the occurrence of the edge effect. They found that

non-uniform heating along the scan line, caused by variations in material availability,



was responsible for this effect. The researchers observed a curvature in the bending
edge, which they attributed to differential contraction between the top and bottom
surfaces in the scanning direction. Specifically, they reported that the curvature was
concave for BM and convex for TGM. Shen and Hu (Shen and Hu, 2013) attempted to
reduce the edge effect by providing extra material at the beginning and end of the scan.
This extra material helped in maintaining uniform temperature along the scan line and
resulted in reduced edge effect. Jha et al. (Jha et al., 2008) reported that the edge effect
was not limited to a unidirectional variation in bend angle; rather, it could exhibit multi-
curvature. The researchers observed that the edge effect, or multi-curvature, was
significantly influenced by the combination of laser power and scanning speed.
Moreover, they found that the edge effect could be reduced by increasing the number of
scans. Zahrani and Marasi (Zahrani and Marasi, 2013) studied the effect of number of
scan, scan speed, beam diameter, and laser power on the edge effect. They observed that
the edge effect increased with scanning speed and beam diameter, and the beam
diameter was more significant. Whereas, it reduced with an increase in laser power and

number of scans.

Shen et al. (Shen et al., 2010) made an effort to minimize the edge effect through the
implementation of various scanning schemes: constant velocity, accelerating velocity,
decelerating velocity, a combination of accelerating-decelerating velocity, and a
combination of accelerating-decelerating velocity with a staircase pattern. The results
indicated that the combination of accelerating-decelerating velocity with a staircase
pattern significantly reduced the edge effect. Shi et al. (Shi et al., 2016) explored the
reduction of the edge effect by applying an external assisting force. They reported that
the application of two unequal forces on the extreme ends of the free edge resulted in a
reduction of the edge effect. Overall, the edge effect poses a significant challenge in
laser bending, leading to non-uniform deformation along the scan line. However,
through extensive research and experimentation, various techniques have been proposed
to address and reduce the edge effect. These include adding extra material at the ends of
the scan line, optimizing laser power and scanning speed, increasing the number of
scans, implementing specific scanning schemes, and applying external assisting forces.
By incorporating these methods, researchers have made positive steps to minimize the

edge effect and improve the overall quality of laser bending processes.



2.9.2. Changes in Material Properties

Some materials are highly sensitive to heat and show complex thermal and mechanical
behaviours such as phase changes, recrystallization, or softening. So, it is essential to
understand the material behavior under laser-induced thermal stresses to get the desired
deformation with desired material properties. Knupfer and Moore (Knupfer and Moore,
2010) investigated the mechanical and metallurgical changes in laser formed low carbon
steel and aluminium alloy. It was observed that the hardness and tensile strength of low-
carbon steel got increased; however, the ductility reduced. The hardness was increased
with an increase in the number of scans and reduced with the depth from the irradiated
surface. These changes might be attributed to the dissolution of carbon in pearlite and
the formation of bainite. On the other hand, the hardness and tensile strength of
aluminium alloy reduced along with a reduction in ductility also. These changes were
more pronounced at higher line energy due to the generation of significantly higher
temperature than the recrystallization temperature of the material. Els-Botes et al. (Els-
Botes et al., 2005) examined the potential of the laser bending process for manufacturing
automotive wheels and investigated its effect on fatigue strength. They found that laser
bending could be a viable option for manufacturing automotive wheels. The fatigue
strength of the laser-bent specimen was better than the conventional manufacturing
process, although it was lesser than the un-deformed material. The hardness also found
to be improved because of formation of bainite and the development of a needle-like
grain structure near the top surface of the material. Overall, these findings contribute to
the understanding of laser bending and its potential benefits in achieving desired

deformations with improved material properties.
2.9.3. Poor Process control and Repeatability

As discussed in earlier sections, there are a number of factors for which the laser
bending process is highly sensitive. Precisely controlling these parameters poses a
significant challenge, demanding the development of robust control strategies and real-
time monitoring techniques. Many studies in the literature have addressed this issue and
proposed various approaches to enhance the controllability and repeatability of laser
bending. Thomson and Pridham (Thomson and Pridham, 1998, 1997a, 1997b)
suggested the feedback closed-loop control system for better controllability of the

process and achieved good repeatability. They controlled the number of scans required



to get predefined deformation by using the close loop system. Hennige et al. (Hennige
etal., 1997) proposed the closed-loop control system and improved the process accuracy
upto = 0.2° at an angle of 10°. Thomsen et al. (Thomsen et al., 2017) gave a method to
calculate the error between target geometry and achieved geometry, which could be
useful for 2D feedback control. The method was based on the comparison of the second
derivative of the target and actual geometries. They reported that the method could help
in reducing the planning time and complexity of error calculation. Thomsen et al.
(Thomsen et al., 2019a) attempted to form three different shapes: V-bend, dome, and
saddle, using a feedback loop. The strain distribution of the flat worksheet and the target
worksheet was compared, and based on the required strain field, scanning paths were
determined. The process parameters were selected according to the mechanism required
for particular shape. The results indicated that the V-bend exhibited the closest
agreement with the target shape, the saddle shape achieved a near net shape with some
error, while the dome shape required further improvements to reach the target shape.
Overall, these studies emphasize the efforts undertaken to overcome challenges in
process control and repeatability in laser bending. Through the implementation of
feedback control systems, error calculation methods, and careful selection of process
parameters, researchers have made significant progress towards ensuring reliable and

consistent bending outcomes.
2.9.4. Generation of Residual Stresses

Laser bending is a promising technique for shaping metal sheets due to its precision and
efficiency. However, the generation of residual stresses during the process poses a
significant challenge. Residual stresses can have a substantial impact on the final shape
and dimensional accuracy of the bent component. Understanding the nature and
distribution of these residual stresses is crucial for optimizing the laser bending process.
Cho et al. (Cho et al., 2004) analyzed the residual stresses and strains with regard to
varying factors such as the number of scans and the time interval between scans. The
study revealed the presence of high tensile stresses within the laser-irradiated region,
while compressive residual stresses of low magnitude were observed away from the
laser-irradiated line. Furthermore, the residual strain increased as the number of scans
increased. In contrast, the cooling time did not exhibit a significant influence on the

residual strain. However, it was noted that the width of the heat-affected area decreased



with longer cooling times. Mjali et al. (Mjali et al., 2018) examined the residual stresses
and fatigue strength of laser and mechanical-formed titanium alloy sheet and compared
with the base material. It was found that the residual stresses in laser formed sheets were
more tensile in nature compared to mechanical, resulting in lower fatigue strength.
Kotobi et al.(Kotobi et al., 2019; Kotobi and Honarpisheh, 2018) investigated the
residual stresses through the steel-titanium bimetal sheet and analyzed the effect of
various process parameters. They reported that the maximum compressive stresses were
generated at the interface of the metals, whereas maximum tensile stresses were
developed at the bottom surface. It was observed that the residual stresses were
increased with laser power and the number of scans, whereas decreased with scanning
speed, beam diameter and sheet thickness. The studies highlighted the complex nature
of residual stresses and their dependence on factors such as the number of scans, cooling
time, laser power, scanning speed, beam diameter, and sheet thickness. Based on the
findings from these studies, strategies to mitigate the detrimental effects of residual
stresses cab be developed and enhance the overall performance of laser bending

processes.
2.9.5. Poor Process Efficiency and Productivity

Laser bending is a relatively slow process because of the low deformation compared to
traditional forming methods. Increasing the process efficiency and productivity while
maintaining quality is a challenge. Improving the laser power and scanning strategies,
optimizing the heating and cooling rates, and forced assisted bending are some
approaches to address this challenge. Majumdar et al. (Majumdar et al., 2004)
investigated the relationship between bend angle and process parameters, such as the
number of scans, scanning speed, sheet thickness, and laser power. They reported that
the bend angle could vary from 0.5° to 70° by altering these parameters. The bend angle
increased with an increase in the number of scans and laser power, while it decreased
with higher scanning speeds and sheet thickness. Cheng et al. (Cheng and Yao, 2001)
explored the effect of forced cooling during multi-scan laser bending. They reported that
the forced cooling significantly reduced the waiting time required between two scan and
resulted in higher productivity. Kant and Joshi (Kant and Joshi, 2013) attempted to
enhance the process efficiency by applying and moving a mechanical load to assist in

laser bending. They discovered that the bend angle was significantly improved and



further increased with an increase in the mechanical load. Despite its relatively slow
nature, laser bending holds great potential for efficient and productive metal forming.
The findings of the discussed literature emphasize the potential for improving process
efficiency and productivity in laser bending, offering promising opportunities for future
developments in the field.

2.10. Observations and Conclusions

The extensive literature review on the laser bending process has provided valuable
insights into various aspects of this manufacturing technique. The review covered
mechanisms of laser bending, process parameters, empirical modeling, complex 3D
shape generation, scanning strategies, sustainability aspects, challenges, materials

processed, and mechanical properties and metallurgical variations.

The review explored the mechanisms of laser bending, including the temperature
gradient mechanism, buckling mechanism, and upsetting mechanism. Although, these
mechanisms are complex and sensitive to the worksheet material and laser energy
parameters. The literature provided a comprehensive understanding of the fundamental
principles that underlie the bending process. It became evident that these mechanisms
play a crucial role in facilitating the deformation of materials during laser bending,

thereby shaping the final bent products.

The influence of process parameters on laser bending was extensively examined,
including energy parameters such as laser power, scanning speed, beam diameter, line
energy, number of scans, duty cycle, pulse duration, and beam shape. Material
parameters, including material properties, worksheet geometry, surface condition and
coating, were also found to significantly impact the bending behavior. Furthermore, the
importance of cooling condition and external force assistance in laser bending process
are also highlighted. It was suggested that the forced cooling and external force
assistance has potential to significantly enhanced the process efficiency and
productivity. Although, the process offers excellent controllability with fine tuning of
these process parameters, but the number of parameters increased the complexity of the
process. Optimizing the process parameters for desired deformation is challenging due
to the interdependence of each parameter on the others. Therefore, further exploration

is needed to optimize these process parameters.



Empirical modeling techniques, such as numerical, analytical, and soft-computing
modelling, were discussed as valuable tools for predicting and optimizing the laser
bending process. These modeling approaches enable process optimization and
parameter selection to enhance efficiency and productivity The exploration of complex
3D shape generation and different scanning strategies provides insights into the effects
of scanning paths, ultimately offers precise and intricate bending outcomes.

The review further examined the sustainability aspect of laser bending, considering
features such as automation, control, correction, and environmental friendliness.
Moreover, the challenges associated with laser bending, including non-uniform
deformation, alteration of material properties, process control and repeatability, residual
stresses, productivity, and process efficiency, were thoroughly identified and discussed.
These challenges present significant opportunities for further research aimed at
exploring innovative ideas to overcome them. Notably, forced cooling has been
suggested as a potential avenue for enhancing process productivity, but further
exploration is required to fully realize its benefits and potential applications.

The literature review extensively investigated the application of laser bending to a wide
range of materials, including steels, titanium alloys, aluminum alloys, bi-metal sheets,
composite materials, metal foams, Inconel, ceramics, and super alloys. The findings
indicate that the laser bending process is suitable for an extensive variety of materials,

although further exploration is needed for materials having complex structures.

Moreover, the literature review examined the mechanical properties and metallurgical
variations associated with laser bending. The understanding of changes in mechanical
properties, such as residual stresses, hardness, fatigue and tensile strength, is crucial for
ensuring desired performance and reliability of laser-bent components. The
metallurgical analyses of the deformed materials also showed the changes in
metallurgical characteristics. It is important to note that these mechanical and
metallurgical changes will be particularly prominent in heat-sensitive materials.
Therefore, there is a need for further exploration of laser bending processes applied to
heat-sensitive materials in order to understand and evaluate their mechanical,
metallurgical, and chemical properties. This will contribute to expanding the
applicability of laser bending and optimizing the process for a broader range of

materials.



The review also discussed applications of laser bending in industries such as automobile,
aerospace, shipbuilding, microelectronics, and medical, highlighting its use in shape
corrections, alignment, and fitting. Overall, the literature review serves as a
comprehensive resource for understanding the complexities of laser bending, and it
provides valuable directions for further research and development to enhance the
productivity, efficiency, and applicability of laser bending for complex heat-sensitive

materials in diverse manufacturing sectors.
2.11. Research Objectives

In the current study, a comprehensive review of the reported research work on the laser
bending process has been carried out. The objectives of the proposed research work
have been derived from the research gaps in the published literature. The overall
objective of the present study is to study the effect of cooling on laser bending of duplex-
2205. The specific objectives of the proposed research are as follows:

e To Design and development of experimental setup for forced cooling assisted
laser bending.

e To conduct Feasibility analysis and exploration of underlying mechanism for
forced cooling assisted laser bending by numerical simulation.

e To analyse the effect of forced cooling during single scan laser bending of
duples-2205 sheet.

e To analyse the effect of forced cooling during multi-scan laser bending of
duples-2205 sheet.
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CHAPTER 3

PILOT STUDY

This chapter focuses on identifying the parametric range and exploring the feasibility
and understanding of forced cooling assisted laser bending of duplex stainless steel. The
laser bending process is highly sensitive to various parameters, leading to the need for
extensive experimental analysis that can be costly, time-consuming, and prone to errors.
Furthermore, obtaining in-situ information regarding the bending mechanism, bend
angle increment, temperature profile, and stress-strain histories during physical
experiments presents significant challenges. However, recent advancements in high-
speed processing computers and user-friendly solvers have provided a cost-effective and
time-efficient approach through numerical simulations to enhance our fundamental
understanding of these processes. In this chapter, we develop a finite element method
(FEM) based numerical model for laser bending to identify the parametric range, gain
insights into the bending mechanism, and explore the feasibility of forced cooling.
Additionally, a small-scale experimental study is conducted as a pilot study to test the

feasibility of the proposed approach.
3.1. FEM based numerical model of laser bending

Laser bending is a thermo-mechanical process that involves the use of a high-intensity
laser beam to induce thermal stresses in a workpiece, resulting in plastic deformation
and bending. The numerical model aims to predict the temperature distribution, stress-
strain distribution, bend angle, and edge effect during the laser bending process. The
FEM solver Abaqus is utilized to develop the numerical model, taking into account

various governing equations, boundary conditions, and assumptions.
Assumptions:
e Workpiece material is isotropic and homogeneous.

e Energy associated with plastic deformation is neglected.



e Effect of Bauschinger’s effect and strain hardening is not considered as the

bending takes place at high temperature.
e Steady-state thermal conditions at the beginning of the laser bending process.

e Effect of workpiece weight and residual stresses are negligible in comparison
with induced thermal stresses.

e Gaussian distribution is followed by the laser beam for the heat flux inside the

beam diameter.
3.1.1. Heat Input

The heat input given to the worksheet is provided by a moving heat flux by using the
DFLUX subroutine (Appendix 3.1). The heat flux is assumed to follow Gaussian
distribution inside the laser beam diameter. The heat flux distribution along the
irradiated path, when the laser is moving in the Y-direction with a speed of V, is
formulated by Equation 3-1 (Kant et al., 2015):

2nP —2(x% + (y—Vt)? 3-1
q(r) = 7 exp RZ

where q(r) is heat flux at the radius of r, P is laser power, V is scan speed, t is time, 1 (=

0.375) is the absorption coefficient, and R (= 2 mm) is laser beam radius.
3.1.2. Thermal Analysis

The temperature distribution in a medium can be obtained from the law of conservation
of thermal energy (also called the general form of heat diffusion), as given by Equation
3-2,
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where, k kZ—z and k‘;—z are the rate of heat transfer per unit area at the x, y, and z

coordinates, p (= 7800 kg/m®) is workpiece material density, k is the temperature
dependent thermal conductivity given in Table 3-1 (Xavier et al., 2015), T is the
temperature, t is the time, ¢, (= 500 J/kg-"C ) is the specific heat (Xavier et al., 2015),

pCp ‘;—I is the rate of change of thermal energy. The latent heat of fusion is 30 kJ/kg-°C

and the liquidus and solidus temperatures are 1465 °C and 1410 °C, respectively.

Convection and radiation heat losses account for the thermal boundary conditions. The
convection heat loss is determined using Equation 3-3,

q. = h(Ts—Te) 3-3

Where h (=25 W/m?-°C) is the convective heat transfer coefficient (Ravi Kant and Joshi,
2016b), Ts is the worksheet temperature, and Te (= 20 °C) is the environmental

temperature.

The radiation heat loss is calculated using Equation 3-4,
q, = €o(T§ —T¢) 3-4

Where o = 5.67 x 108 W/m2-"C* is the Stefan-Boltzmann constant, and £ (= 0.6) (Xavier

et al., 2015) is the workpiece surface emissivity.
3.1.3. Mechanical Analysis

Laser-induced temperature gradients are responsible for the thermal stresses, leading to
the deformation in the workpiece. The total strain and strain rate are calculated as a sum
of elastic, plastic, and thermal strains, as given in Equation 3-5. The elastic strain rate is
described by Hook’s law considering Young’s modulus of 200 GPa. The thermal strain
is estimated by considering the coefficient of thermal expansion as 13 pm/m°C. The

plasticity was obtained by von-mises yield criteria as given in Equation 3-6,

& total — & elastic 1 & plastic +& thermal 3-5
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where oy IS the temperature dependent yield strength shown in Table 3-1 (Tavares et al.,

2012; Tehovnik et al., 2016); o1, 62, and o3 are the principal stresses along direction X,

Y, Z axis respectively; Geq IS the equivalent thermal stress generated in the workpiece.

The Von-Mises criterion indicates that when ceq > oy, then the plasticity starts. The

workpiece is clamped at one side to avoid free body movement, which is modeled by

applying zero displacements and zero rotation to the fixed edges.

3.1.4. Model Description

Numerical simulations are performed using FEM solver ABAQUS 6.18 on duplex

stainless-steel sheets of size 100 mm x 50 mm x 2 mm. The worksheet material is

considered isotropic, homogeneous, and free from residual stresses. The temperature

dependent thermal and mechanical properties of the worksheet material (as listed in

Table 3-1) with linear interpolation between two consecutive values are used to execute
the simulations (Tavares et al., 2012; Tehovnik et al., 2016; Xavier et al., 2015). The

properties are assumed to remain constant when the temperature exceeds the maximum

defined temperature. The worksheet is clamped as a cantilever, and its weight is

neglected. It is discretized with eight-node brick element (C3D8T) with an element size

of 0.5 mm x 0.5 mm x 0.5 mm in the heated region, as shown in Figure 3-1. The effect

of Bauschinger’s effect, strain hardening, and creep are neglected, and the total strain is

taken as the sum of elastic, plastic, and thermal strain.

Table 3-1. Properties of worksheet material used in numerical simulation of laser

bending

Temperature Yield Thermal Density | Young’s Thermal Latent | Specific
(°C) Strength | Conductivity | (kg/m3) | Modulus | Expansion Heat Heat
(MPa) (W/m-K) (GPa) Coefficient | (kJ/kg- (J/kg-

(um/m-K) K) K)

20 570 16 184 13 470

100 500 17.25 175 13 505

200 440 18.5 7800 165 13.5 30 540

400 350 21 133 14 610

600 270 21 114 14.5 680

800 170 21 96 15 750

1000 55 79 750

1200

15
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Figure 3-1. Worksheet mesh model

The energy associated with plastic deformation and microstructural changes are
neglected in comparison with the laser heat input. The forced cooling is applied during
laser irradiation and continued for 20 s after irradiation is completed on the surface
opposite the laser source (bottom surface). It covers a 4 mm wide area throughout the
width of the worksheet, as shown in Figure 3-2. The simulations are conducted for three
different cooling conditions i.e. natural cooling and forced cooling with the heat transfer
coefficient values of 500 W/m?-K and 1000 W/m?-K (Lambiase et al., 2013). These high
values of heat transfer coefficients can be obtained by applying forced water cooling
using a series of nozzles throughout the width of the worksheet. The value of heat
transfer coefficient can be controlled by varying the cooling fluid flow rate. The natural
cooling condition is assumed by considering the heat loss due to air convection and
radiation. The heat transfer coefficient for air is taken as 25 W/m?-K (Ravi Kant and
Joshi, 2016b), and emissivity for radiation is taken 0.2 with an atmospheric temperature
of 20 °C. The minimum and maximum increments in time and maximum increment in

temperature for a single step are taken as 1x10° s, 0.1 s, and 30 °C, respectively.
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Figure 3-2. Representation of (a) moving heat flux at the top surface, and (b) forced
cooling region at the bottom surface, used in numerical simulations of laser bending

The numerical model is validated with the experimental results for natural cooling
conditions. The validated model is used to investigate the effect of forced cooling on the
laser bending process, where only the value of the heat transfer coefficient is modified,
and all other parameters are kept the same. The developed model is used to investigate

the effect of forced cooling on temperature distribution, stress-strain distribution, bend
angle, and edge effect.

3.1.5. Input Parameters

The numerical simulations are carried out for natural and forced cooling conditions at

different line energies (25 — 60 J/mm) and laser powers (250 — 1000 W), as shown in
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Table 3-2. Line energy is defined as the energy supplied per unit length to the scan line.
The beam diameter is kept constant throughout the numerical study. The respective
scanning speed for a particular line energy and laser power can be calculated by using
Equation 3-7. All these input parameters (laser power, scanning speed, beam diameter,
beam shape, heat flux distribution, and position of the scanning line) are defined by
using a DEFLUX subroutine given in Appendix 3.1.

Laser Power (W) 3-7

. mm
Scanning Speed (T) - Line Energy ()



Table 3-2. Process parameters for numerical simulations of the laser bending process

Case | Cooling Condition Line Energy (J/mm) Laser Power (W)
Natural Cooling 25, 30, 35, 40, 45, 50,
1 250, 400, 600, 800, 1000
(h = 25 W/m?2-K) 55, 60
Forced Cooling 25, 30, 35, 40, 45, 50,
2 250, 400, 600, 800, 1000
(h = 500 W/m?-K) 55, 60
Forced Cooling 25, 30, 35, 40, 45, 50,
3 250, 400, 600, 800, 1000
(h = 1000 W/m?2-K) 55, 60

3.1.6. Experimental Validation

The developed model is validated by conducting experiments on duplex stainless steel

(AISI-2205) sheet of dimension 100 mm x 50 mm x 2 mm. The absorptivity of the

irradiated area is enhanced by applying graphite coating in the irradiation region. The

experimental setup is explained in Chapter 4. Each set of experiments is repeated three

times, and the average value is considered for process outcome. As laser bending is a

thermo-mechanical process, the developed numerical model is validated with both

thermal (temperature) and mechanical (bend angle) outcomes. The variation in

experimental values is presented by the coefficient of variation (CV), and it is calculated

as a ratio of the standard deviation to the average value.

Table 3-3. Comparison of experimental and simulation results at 250 W laser power

Line Bend Angle Maximum Temperature
Energy | ©e | % CV | Os | % Error Te % CV Ts % Error
25 0.873 | 5.19 | 0.870 -0.31 1271.11 | 11.09 | 1223.52 -3.74
30 1.037 | 7.38 | 1.095 5.55 1327.6 13.96 | 1296.46 -2.35
35 1.297 | 3.95 | 1.308 0.86 1397.63 8.55 1360.95 -2.62
40 1.403 | 2.99 | 1.497 6.72 1428.85 7.44 1406.11 -1.59
45 1.657 | 5.83 | 1.645 -0.7 1489.14 5.74 1467.78 -1.43
50 2.014 | 2.38 1.75 -13.09 1605.68 6.80 1519.23 -5.38

* O = Average bend angle obtained from experiments
©Os = Bend angle obtained from simulation results
Te = Maximum temperature recorded experimentally
Ts = Maximum temperature obtained from simulation results




The experimental results are found to be in good agreement with the numerical results
in terms of bend angle and temperature of the top surface, as shown in Table 3-3. The
average error between numerical and experimental results is found to be 4.54% with a
maximum error of 13.09% at 50 J/Jmm line energy. The higher error at 50 J/Jmm line
energy is a result of the melting of the worksheet, which led to the uncontrolled metal
flow in the heated region, which is not incorporated in the numerical simulations. Figure
3-3 shows the laser-scanned surfaces with 45 and 50 J/mm line energy at 250 W laser
power. It is observed that a minor melting has occurred at 45 JJmm line energy; however,
a significant melting can be observed at 50 JJmm line energy. The temperature in the
numerical model is validated with experiments by taking the average of five maximum

temperatures along the scan line. The maximum temperature at the top surface obtained

from the numerical and experimental results are in good agreement with an average
error of 5.38%.

(a) (b)

Figure 3-3. Laser scanned surface at 250 W laser power (a) 45 J/mm line energy (b) 50
J/mm line energy

3.2. Exploration of Underlaying Bending Mechanism

Numerical Simulations have been carried out for a deep understanding of the process
by exploring the temperature and stress-strain distributions and the effect of process

parameters, i.e., laser power and scanning velocity, on bend angle and edge effect.
3.2.1. Temperature Study

The temperature distribution along all three axes of the workpiece is discussed in this
section. The temperature gradient along the thickness is the principal cause of bending

in the temperature gradient mechanism. Figure 3-4(a) shows the variation of maximum
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temperature along the thickness of the workpiece at the starting, center, and end of the
scan line. It is observed that the maximum temperature decreases polynomially (4™
order) along with the thickness. It is also observed that there is a significant difference
in the maximum temperature at the start, center, and end of the scan line. It is because

of changes in preheating temperature and thermal constraints.
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Figure 3-4. Maximum temperature variation at 250 W laser power and 30 J/mm line
energy (a) along the thickness (b) along the scan line

The maximum temperature along the scan line at the top (scanned) and bottom (opposite
to scanned) surface is shown in Figure 3-4(b). The maximum temperature is nearly
constant along the scan line except at the extreme positions where it varies at a high rate.
The geometrical and thermal conditions are different at the beginning and end of the
irradiation. The maximum temperature increases as the laser beam irradiates over the
workpiece becomes almost constant along the scanning path, and increases significantly
near the end. There is no heat conduction at the extreme ends, leading to heat

accumulation at that point which results in the heat sink effect.
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Figure 3-5. Maximum temperature variation along the transverse to scan line at (a)
different laser powers at 35 J/mm line energy (b) different line energies at 600 W laser
power

The variation of the maximum temperature along the transverse direction to laser scan
and in the region of beam diameter at the top and bottom surfaces are shown in Figure
3-5(a) and (b). The centerline of the scan is referred as zero position, and variation is
shown up to the radius of the beam on both sides. It is observed that the temperature
profile follows Gaussian distribution along the beam diameter. For a specific
temperature, the temperature distribution inside a beam diameter becomes wider with
the increase in laser power, which leads to a larger bend angle. Furthermore, at particular
line energy, the maximum temperature at the top surface increases significantly with an
increase in laser power. However, the increase in temperature at the bottom surface is
marginal. The variation in maximum temperature at the top and bottom surfaces is
comparable when line energy is increased at a constant laser power, as shown in Figure
3-5(b). Therefore, the temperature gradient is increased more significantly with laser

power than the line energy, as shown in Figure 3-6(a) and (b), respectively.
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3.2.2. Bend Angle Analysis
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Figure 3-7. Bend angle with line energy at different laser powers

At low laser powers, it is observed that the bend angle increases with an increase in the
line energy. However, the increment rate continuously decreases, and the bend angle
varies marginally at higher line energies, as shown in Figure 3-7. On the contrary, the
bend angle first increases, attains a peak, and then decreases with line energy at high
laser powers. In TGM, bending occurs due to the difference between plastic strain at the
top and bottom surfaces (Ravi Kant and Joshi, 2016a). When the line energy increases,

the maximum temperatures of both Point A and B increase, leading to an increase in
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compressive strain at both Points A and B. The tensile strain at Point B decreases due
to the generation of compressive stresses at the bottom surface. Up to line energy of 40
J/mm, this decrease in tensile strain is insignificant compared to the increase in
compressive strain at the top surface, as shown in Figure 3-8. The net difference between
the top and bottom plastic strains increases, which leads to a larger bend angle (Ravi
Kant and Joshi, 2016b). The further increase in line energy leads to a decrease in the net
difference in the plastic strain, which decreases the bend angle. Figure 3-7 also shows
that the bend angle increases with the increase in laser power; however, the increment
rate decreases. It is because, at constant line energy, the scanning speed also increases
with laser power which increases the temperature gradient. The scanning speed should
also be optimized because, at a very high scanning speed, the bend angle starts

decreasing because of the reduction in laser-worksheet interaction time.
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powers

It is also observed that when the maximum temperature at Point B reaches above 625
°C, the bend angle changes marginally, and the further increase in temperature (above
725 °C) leads to a decrease in bend angle, as shown in Figure 3-9. It is because, above
625 °C temperature, the change in the plastic strain at Point A and B is almost equal and
leads to a nearly constant bend angle. As soon as the temperature exceeds over 725 °C,
the change in the plastic strain at B is more significant than A, which tries to bend the
sheet away from the laser source. The net difference in plastic strain decreases and leads

to a decrease in bend angle.
3.2.3. Edge Effect

The edge effect shows the variation in the bend angle along the scanning path. It occurs
as a result of non-uniform temperature distribution and material constraint along the
scanning line (Bao and Yao, 2001b; Shi et al., 2016). The bend angle is measured at
three different points along the scan width to quantify the edge effect and is calculated
by the following expression (Equation 3-8) (Esmaeil Ghadiri Zahrani, 2013),

— Omin 3-8

(5]
Edge Effect = ——————
eavg



where, Omax, Omin, and Oayg are the maximum, minimum, and the average of bend angles

along the scan line (width), respectively.

The edge effect is mainly generated because of the uneven energy distribution along the
width. It is observed that the edge effect increases with an increase in line energy at all
the laser powers and it increases with laser power at different line energies, as shown in
Figure 3-10. It is because the laser beam is focused on a very small area, due to which
a large amount of energy is supplied in a small area, resulting in an uneven distribution
of heat with the increase in laser power. It causes more variation in the temperature and
plastic strain gradient along the scan line. The edge effect increases with scanning speed

at constant line energy because heat distribution is more uniform at lower scanning

speed.
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Figure 3-10. Edge effect with line energy at different laser powers
3.2.4. Mechanical Analysis

The effect of laser scanning on mechanical properties is analyzed by conducting micro-
tensile and microhardness tests. The specimens are cut along the scan line from the laser-
scanned workpieces for the tensile testing, as shown in Figure 3-11 (Ravi Kant and
Joshi, 2016a). The tensile tests are performed on a micro-tensile testing machine with a

load cell of 10 kN and an elongation rate of 8 um/s. The stress-strain curves for base



material and laser-bent specimens at different line energies are shown in Figure 3-12. It
is observed that the ultimate strength of the laser-bent specimens is almost equal to the
base material, whereas the ductility of the laser-scanned specimens is reduced. It is also
observed that the ductility decreases with an increase in the line energy. The hardness
is measured in the laser-scanned region at a load of 500 g and a dwell time of 10 s. The
hardness of the base material varies between 259 to 267 HV in 15 observations, and the
average (263 HV) is considered as the hardness of the base material. Similarly, the
number of indents is taken on each laser-scanned specimen along the scan line, and the
average is calculated for particular specimens. It is found that the hardness of scanned
specimens is greater than that of the base material, and it increases with an increase in
line energy, as shown in Figure 3-13. A similar trend was observed in other studies for
SS316 (Majumdar et al., 2004), mild steel (Fetene et al., 2018b; Thomson and Pridham,
2001) and aluminium alloy (Merklein et al., 2001).
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Figure 3-11. (a) Dimensional schematic of tensile specimen, (b) laser scanned tensile
test specimen before the test and (c) after the test
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Figure 3-13. Hardness with line energy at 250 W laser power

Microstructural analysis has been done to investigate the possible reasons for variation
in mechanical properties. Duplex stainless steel consists of two phases a-ferrite (dark)
and y-austenite (bright), as shown in Figure 3-14(a). Duplex is a heat-sensitive material
because during hot working ferrite undergoes dynamic recovery (Choudhary et al.,

2013), leading to developing subgrains (Tehovnik et al., 2011), and austenite undergoes

97



a high degree of strain hardening and the grain recrystallization (Jorge et al., 2011). It is
also aggressive to form intermetallic precipitations because of high Cr and Mo and
higher diffusion rate in ferrite (Tehovnik et al., 2016). Figure 3-14(b) shows the subgrain
formation in the ferrite phase and the formation of the c-phase because of the laser
heating with 30 J/mm line energy. The o-phase can be formed by -eutectoid
decomposition of ferrite (o — ¢ + v) or ¢ formation from austenite (y1 — ¢ + y2) (Pohl
et al., 2007). It is observed that the proportion of the sigma phase (white) increases and
ferrite (dark) decreases with an increase in line energy, as shown in Figure 3-14(c). The
sigma phase is harder and brittle in nature, leading to decreased ductility and increased

hardness.

(a) (b) (©

Figure 3-14. Microstructures of duplex stainless steel at different scanning conditions
(a) No irradiation (b) irradiation with 30 JJmm line energy (c) irradiation with 50 J/mm
line energy

3.2.5. Relation of temperature variation with bend angle and mechanical

properties

In this section, the variation of bend angle and mechanical properties are studied with
respect to the temperature. Figure 3-15 shows that the bend angle increases with increase
in maximum temperature at Points A and B. It is observed that at particular line energy,
the rate of increase in bend angle decreases with a increase in temperature at Point A,
as shown in Figure 3-15(a). At particular line energy, the maximum temperature at A is
increased by increasing the laser power, which further increases the scanning speed to
maintain the constant line energy. Initially, the increase in scanning speed increases the
temperature gradient, which leads to a drastic increase in bend angle. The further
increase in scanning speed leads to lower interaction time which reduces the rate of
increase. It is also observed that the bend angle starts decreasing with line energy at high

temperatures. It is because the scanning speed is lower at high line energies, which
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significantly increases the temperature at B, as shown in Figure 3-15(b). It leads to the

generation of compressive plastic strain at B, which tries to bend the sheet away from

the laser source.
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Figure 3-15. Effect of maximum temperature on bend angle at different line energies

Figure 3-16 shows that the hardness increases with temperature at Point A, whereas the

breaking strain decreases. It is because of the formation of ¢ precipitation which is hard

and brittle in nature. At a particular laser power, the temperature is increased by

decreasing the scanning speed, which further increases the laser-worksheet interaction

time, leading to a coarser sigma phase. Santos et al. (Dos Santos and Magnabosco,

2016) also reported that coarse grains in the sigma phase are formed at higher

temperatures and longer heating time.
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3.3. Numerical Feasibility Analysis of Forced Cooling Assisted Laser

Bending

3.3.1. Effect of cooling on bend angle

The effect of line energy on bend angle for natural and forced cooling condition is shown
in Figure 3-17. It is observed that the bend angle increases with an increase in line
energy, attains a peak, and starts decreasing at higher line energies for almost all laser
powers. It is because the net difference between plastic deformation at top and bottom

surfaces starts decreasing at higher line energies.
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Figure 3-17. Effect of line energy on the bend angle at different cooling conditions.

The change in bend angle with line energy shows a similar trend for natural and forced
cooling conditions. However, the bend angle is higher in forced cooling for most of the
parametric conditions. The reason behind this is the increment in temperature gradient
and the reduction in maximum temperature at the bottom surface (Cheng and Yao,
2001), which leads to the increment of compressive plastic strain at the top and reduction
in the compressive strain at the bottom surface, as shown in Figure 3-18. The increase
in the plastic strain gradient between the top and bottom surfaces leads to a higher bend
angle. Furthermore, bottom cooling reduces the bend angle marginally at low line
energy. It is because the forced cooling decreases the peak temperature further, which
is already less at low line energy. It is also observed that the peak of maximum bend
angle is shifted towards the higher line energies at a particular laser power for the forced

cooling conditions.
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Figure 3-19. The change in maximum temperature at Point B with line energy (a) for
natural cooling condition at different laser powers, and (b) for different cooling
conditions at 800 W laser power

The maximum temperature both at the top and bottom surfaces increases with line
energy. Figure 3-19(a) indicates that when the maximum temperature at the bottom
surface reaches the range of 625 °C to 725 °C, the bend angle becomes almost constant
with line energy for a particular laser power. The bend angle decreases after 725 °C
because the developed compressive plastic strain at the bottom surface starts to
dominate. A decrease in the plastic strain gradient between the top and bottom surfaces

reduces the bend angle. It is observed that the maximum temperature at the bottom
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surface decreases due to the application of forced cooling. Figure 3-19(b) shows that the
maximum temperature at the bottom surface can be controlled below 725 °C using
forced cooling at the bottom surface with a high convective heat transfer coefficient (h
= 1000 W/m?-K) for 800 W laser power and 55 and 60 J/Jmm line energies, which was

above 725 °C in natural cooling condition.
3.3.2. Impact of cooling on edge effect

Figure 3-20(a) shows the effect of line energy on the edge effect for different cooling
conditions. It is observed that the edge effect increases with an increase in line energy
for all cooling conditions. Moreover, the forced cooling does not show any considerable
change in the edge effect at low line energies but increases at higher line energies. It is
because, with the increase in line energy, the net temperature variation along the
scanning line increases, as shown in Figure 3-20(a). The maximum variation in
temperature gradient (MVTG) is taken as the difference between the maximum and

minimum temperature gradient along the scan line.
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Figure 3-20. (a) Edge effect and maximum variation in temperature gradient along the
scan line at different line energy and 600 W laser power. (b) Edge effect and
maximum variation in strain gradient along the scan line with laser power at 35 J/mm
line energy

Furthermore, the impact of laser power on the edge effect at various cooling conditions
is analyzed. Figure 3-20(b) shows that the edge effect increases with laser power for all
cooling conditions. It can also be depicted that the magnitude of edge effect is higher
for forced cooling conditions at lower laser powers. It is because the maximum variation
in strain gradient (MVSG) along the scan line increases with laser power, as shown in
Figure 3-20(b). The MVSG is taken as the difference between the maximum and

minimum strain gradient along the scan line. As the difference in plastic strain between



the top and bottom surfaces is responsible for the bending of the sheet. Therefore, the
variation of plastic strain gradient along the scan line will cause the edge effect.
Moreover, the edge effect with forced cooling is limited to less than 7 percent.

Figure 3-21 shows the variation in bend angle along the scanning direction at different
line energies. It is observed that the bend angle continuously increases in the scanning
direction. It is because the bending of the sheet at the starting of the scan is restricted by
the unbent part of the sheet, which is yet to be scanned, whereas, moving ahead on the

scan line, the bending is supported by the bent part of the sheet.
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Figure 3-21. Variation in bend angle along the scanning direction
3.3.3. Longitudinal Distortion

Laser irradiation leads to an axial bending with little variation along the scanning line
due to edge effect. A slight distortion is observed in the longitudinal direction as well.
The longitudinal distortion is usually very small and mostly ignored by the researchers.
It occurs as a result of plastic deformation in all the direction by irradiating beam. The
longitudinal distortion is represented by the displacement along the scanning line in the
direction of the laser head. The longitudinal distortion is not uniform along the scan line

due to the uneven temperature and stress distribution in the longitudinal direction.

Figure 3-22(a) and (b) show the effect of different cooling conditions on longitudinal

distortion at various laser powers and line energies, respectively. The distortion in



natural cooling condition, continuously decreases along the scan length due to less
cooler material in the forward direction and high temperature of already scanned region.
For forced cooling conditions, at high laser powers, the distortion decreases upto the
middle of the scan line, then it starts increasing in the negative direction. Whereas, at
low laser power, no significant effect of the cooling condition is observed on the
distortion, and it continuously decreases. Similar effects of forced cooling are also
observed at high line energies, but no notable change is observed at low line energies.

— Natural Cooling —Natural Cooling
- - -Forced Cooling (h = 500 W/m2-K) 70 ---Forced Cooling (h = 500 W, m:-K)
Forced Cooling (h = 1000 Wm2-K) Forced Cooling (h = 1000 W/ m2-K)
m Power = 1000 W ® Line Energy = 60 J/mm
A Power = 600 W ® Line Energy = 50 J/mm
x Power = 250 W 4 Line Energy =40 J/mm
* Line Energy = 30 J/mm

Displacement in Z-Direction (um)
Displacement in Z-Direction (um)

Distance Along the Scan Line (mm) Distance Along the Scan Line (mm)
(a)

Figure 3-22. Displacement in Z-direction along the scan line at different cooling
conditions with (a) laser powers and (b) line energies

3.3.4. Effectiveness of forced cooling

As per the above discussion, forced bottom cooling shows a diverse effect with different
processing parameters. Therefore, the parameters need to be optimized to get the higher
bend angle. Figure 3-23(a) and (b) show the percentage increment in bend angle with
laser power at constant line energy for both the forced cooling conditions i.e., h =500
W/m?-K and h = 1000 W/m2-K, respectively. It can be deduced from Figure 3-23(a)
and (b) that, at low line energy, laser power has an adverse impact on the bend angle
due to forced cooling. It is because the energy required for plastic deformation at the
bottom surface is optimum in the case of natural cooling conditions, which get reduced
in forced cooling, resulting in the reduction of bend angle. At higher line energy and
laser power, generated compressive plastic strain is high (as shown in Figure 3-24 (a)),
because the energy available is higher than the required for maximum bend angle. The
magnitude of induced strain at the bottom surface of the worksheet will be reduced due
to the effect of forced cooling, which leads to the increment in the strain gradient, thus

increasing the bend angle.
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Figure 3-25. Percentage increase in bend angle with line energy at (a) h = 500 W/m?-
K, and (b) h = 1000 W/m?-K

Figure 3-25(a) and (b) show that the percentage increment in bend angle with the line

energy at constant laser power. The percentage increase in bend angle is increased for

106



all line energies except for 35 JJmm. Figure 3-24(b) shows that, at point B, with the
increase in line energy, the nature of plastic strain is changing from tensile to
compressive, which is adverse for higher bend angles. But due to forced cooling, the
reduction in the compressive strain at the bottom surface is observed, which leads to the
higher bend angle. The plastic strain gradient between the top and bottom surfaces is
optimum at 35 Jmm line energy for natural cooling, hence forced cooling is

unfavourable for this particular condition.

3.4. Experimental Feasibility Exploration of Forced Cooling Assisted

Laser Bending

3.4.1. Experimental Details

The laser bending experiments were performed on an aluminium sheet of 60 mm length,
30 mm width, and 2 mm thickness. Aluminium has high reflectivity to the laser, so
graphite coating is applied to improve the absorptivity of the worksheet surface. The
experimental setup used is discussed in detail in Chapter 4. The experiments were
performed for a range of laser power (400-850 W) and scanning speed (1000-2500

mm/min) with a constant beam diameter of 4 mm.
3.4.2. Results and Discussions

3.4.2.1. Temperature Analysis

In this study, the temperature of the scanning region is analyzed experimentally. The
temperature is measured by taking an average of the maximum temperature of five
equidistant points along the scan line shown in Figure 3-26. Each experiment is repeated
thrice, and the average of three trials is considered as the top surface temperature for

that particular parameter, and it is represented by Tavg.
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Figure 3-26. Temperature measurement points along the scan line in (a) thermal
imaging software (b) schematic
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Figure 3-27. Variation of Tayg. With number of scans in both the cooling conditions at
(a) different laser power and at 1500 mm/min scanning speed, and (b) different
scanning speeds and at 700 W laser power

Figure 3-27 shows the temperature variation in both the cooling conditions with each
scan at different sets of scanning speed and laser power. It is observed that the Tayg.
decreases with the number of scans due to coating degradation. At a constant scanning
speed of 1500 mm/min, the Tayg. is compared for two different laser powers of 400 W
and 700 W (Figure 3-27(a)). It is found that in the natural cooling condition, the
temperature is higher in the case of 700 W up to two scans due to higher energy.
Whereas, at higher scans, Tayg. is higher for 400 W laser power because of the less
coating degradation at low laser power, as shown in Figure 3-28. In forced cooling
condition, at low laser power, the temperature is found to be increased because the
cooling led to less coating degradation and resulted in higher absorptivity. Whereas, at

high laser power, the coating degradation is taken place in forced cooling condition, and



it further reduces the temperature, which leads to a significant reduction in Tayg.. Figure
3-27(b) shows the Tayg. for two different scanning speeds at a constant laser power of
700 W. In natural cooling condition, the Tavg. is higher at low scanning speed up to two
scans because of higher line energy. However, for a higher number of scans, the Tayg. iS
found to be increased with scanning speed because of the less coating degradation. The
forced cooling is not effective at higher scanning speed, whereas at low scanning speed,
the temperature is reduced significantly because of the excessive heat loss due to the

higher thermal conductivity of the worksheet.

(a) (b)

Figure 3-28. Temperature profile after five scans for 1500 mm/min scanning speed at
(a) 400 W, and (b) 700 W laser powers

3.4.2.2. Bend Angle Analysis

This section discusses the change in bend angle with different laser power and scanning
speed for both natural and forced cooling conditions. Figure 3-29(a) shows that the bend
angle is increased with laser power, attained peak and then decreased at high laser
powers for all the scanning speeds. However, in natural cooling condition, for lower
scanning speed, the maximum bend angle is achieved at lower laser powers; and with
an increase in scanning speed, the maximum bend angle shifts to higher laser power.
The forced cooling has increased the bend angle for most of the parametric conditions
except for the higher scanning speed and low laser powers. It is because the energy
available at low laser power and higher scanning speed is less, which is further carried
away by the forced cooling. At low laser power, the bend angle is decreased with an
increase in scanning speed, whereas at higher laser power it is found to be increased
(Figure 3-29(b)). It is because the higher scanning speed, increases the temperature

gradient at a higher laser power whereas at low laser power it reduces the available
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energy. The forced cooling further reduces the energy available at low laser power and
results in a reduction in bend angle, whereas at high laser power it enhances the
temperature gradient and results in the increased bend angle. It is also observed that the
worksheet breaks into two parts due to excessive melting at low scanning speed (1000
mm/min) and higher laser power (850 W), in natural cooling condition. Whereas, in
forced cooling condition, this melting is reduced significantly, and a bend angle of
nearly 8 degrees is generated.
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Figure 3-29. Variation in bend angle for different cooling conditions with (a) laser
power at different scanning speed, and (b) scanning speed at different laser powers

Figure 3-30 shows the bend angle in each scan at different laser power and scanning
speeds in both cooling conditions. At low laser power, the bend angle per scan is
increased with the number of scans in natural cooling condition. It may be because of
the increase in the available energy due to the retention of heat from the previous scan.
Whereas, in forced cooling, the heat is lost by convection and leads to an almost constant
bend angle per scan (Figure 3-30(a)). On the contrary, at low scanning speed and high
laser power, the bend angle per scan is decreased due to the reduction in temperature
gradient with each scan in natural cooling condition (Figure 3-30(b)). Whereas at higher
scanning speed, it is slightly increased with the number of scans because the energy
available is less, and it increases with each scan due to retention of heat and results in a
decrease in flow strength of the worksheet material. In forced cooling condition, the
bend angle per scan increased due to increased temperature gradient, but the rate of
increment is decreased with the number of scans and finally stabilized. It may be

because the heat is carried away by forced cooling, leading to higher flow strength.
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Similarly, the variation of bend angle in each scan at different laser powers for a
particular scanning speed is shown in Figure 3-31. At low scanning speed, the
temperature gradient is decreased in each scan, but at the same time, flow strength is
also decreased, resulting in an almost constant bend angle per scan in natural cooling
condition. Whereas, at higher scanning speed, the bend angle is increased with the
number of scans at both low and high laser powers. It may be due to lower interaction
time, and with the number of scans, it increased due to the heat carry-forward from the
previous scan. On the other hand, in forced cooling condition, the bend angle at low
laser powers is almost constant with the number of scans, whereas it is found to be
increased at high laser power. At low laser powers, although the forced cooling enhances
the temperature gradient, significant heat loss also occurs, which leads to an almost
similar bend angle during the natural cooling condition. However, at high scanning
speed, a reduction in bend angle is also observed due to the domination of heat loss. On
the other hand, at high laser powers, the forced cooling significantly enhances the bend
angle by generating a steep temperature gradient, and it is more significant at lower

scanning speeds.
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Figure 3-30. Bend angle in each scan at a laser power of (a) 400 W, and (b) 850 W
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3.4.2.3. Effectiveness of cooling
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Figure 3-32. Percentage increment in bend angle in each scan due to forced cooling (a)
for different laser powers at 1500 mm/min scanning speed, and (b) for different
scanning speeds at 700 W laser power
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In this section, the effectiveness of forced cooling is analyzed by taking the percentage
increment in bend angle due to forced cooling at different laser power and scanning
speed. It is observed from Figure 3-32(a) that forced cooling is more effective at higher
laser powers, and it negatively affects at low laser power (400 W). Similarly, for a
particular laser power, it is found that forced cooling is more effective at a lower
scanning speed. It is because the temperature gradient across the sheet thickness is less
at high laser power and low scanning speed in natural cooling condition, which is

significantly increased in forced cooling condition. It is also observed that at high laser
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power and lower scanning speeds, the effectiveness of forced cooling is more at a higher
number of scans. In contrast, it becomes almost constant after initial few scans for low
laser power and high scanning speed. It is because the increment in temperature gradient
is more dominant, and the flow strength of the material is also reduced due to the
availability of enough energy at high laser power and low scanning speed, and it
increases with the number of scans. Whereas at low laser power and high scanning
speeds, the energy absorption per unit length is low, and forced cooling further reduces
the energy. Even at a higher number of scans, the heat loss is more dominant over
enhancement in the temperature gradient, leading to low effectiveness of forced cooling.

3.5. Summary

This chapter presented the initial feasibility analysis, and identification of the parametric
range of the forced cooling assisted laser bending process. The study was initiated with
the numerical analysis of the process to understand the underlying mechanism of laser
bending for both natural and forced cooling conditions. A numerical model was
developed and experimentally validated for the same. Then the feasibility of the forced
cooling assisted laser bending was analyzed using the same model. Furthermore, the

experimental feasibility of the proposed approach was also tested.

In the first stage of the study, a 3-D non-linear FEM-based numerical model was
developed and validated for laser bending of duplex stainless steel sheets. A set of
experiments were performed to record the temperature distribution using a thermal
imaging camera and the bend angle using a laser displacement sensor. The recorded data
was used to validate the numerical model thermally as well as mechanically, and the

results were found to be in good agreement with the numerical results.

In the second stage of the study, the temperature distribution, bend angle, edge effect,
mechanical properties, and microstructural characterization were investigated for laser

bending of duplex stainless steel. The important outcomes of the study were-

e The temperature distributions along and lateral to the scan line and along the
thickness of the sheet were analyzed. This temperature study provided a better

insight into the bending process and the effect of process parameters.



The effect of line energy, laser power, and scanning speed on the bend angle and
edge effect had been studied. It was observed from the results that at low laser
powers, initially, the bend angle increased with line energy and became nearly
constant at high line energies. However, for a range of higher laser powers, first,

it increased, attained peak, and then decreased at high line energies.

The bend angle increased with laser power and scanning speed at constant line
energy, but at a decreasing rate. It is also observed that the edge effect increased

with an increase in laser power and scanning speed at constant line energy.

Tensile and hardness testing of bent specimens had also been performed to
investigate the effect of line energy on mechanical properties. It was found that
the hardness of the laser-scanned specimens increased, and the ductility
decreased with line energy, whereas no considerable changes were found in the
ultimate strength. It was observed from microstructural analysis that the
formation of sigma phase precipitation was responsible for the change in

mechanical properties.

The relationship between the temperature, bend angle, and mechanical
properties was also analyzed, and found that brittleness and hardness increased

with an increase in the maximum temperature at the top surface.

In the third stage of the study, feasibility of the forced cooling assisted laser bending

was examined through numerical simulation. The effect of forced cooling at two

different heat transfer coefficients, 500 and 1000 W/m2-K, was analyzed for bend angle

and edge effect. The effect of forced cooling on the bending mechanism was discussed

in detail. It was observed from the results that-

The bend angle could be increased upto 11.11% and 13.41% by applying forced
cooling at the bottom surface with a heat transfer coefficient of 500 W/m2-K
and 1000 W/m2-K, respectively. It was also observed that the forced cooling

controls the worksheet melting upto a certain limit.

The study indicated that for a particular laser power, the peak of the bend angle
shifted towards higher line energy after the implication of forced cooling as

compared to natural cooling.



There was no significant effect of forced cooling on the edge effect at low line
energies, but the edge effect increased at high-line energies. A significant
increase in bend angle was observed due to the application of forced cooling at
high line energy and laser power, but at the same time, the edge effect also

increased.

Results indicated that the effect of cooling increased with laser power for high
line energies, but for low line energies, it decreased with laser power. Forced
cooling showed an adverse effect on the bend angle at low line energies and high
laser powers. It was challenging to obtain a specific value for heat transfer
coefficient, which was in line with the physical experiments and might be the

future direction of the work.

In the fourth stage of the study, feasibility of the forced cooling assisted laser bending

was examined through experiments. The study was focused on the effectiveness of

forced cooling at the bottom surface of the aluminium alloy sheet during laser bending.

The temperature and bend angle were compared in natural and forced cooling

conditions. The effect of process parameters (laser power and scanning speed) on the

effectiveness of forced cooling was also analyzed. The results showed that-

The temperature of the scanned surface decreased with the number of scans due
to coating degradation for both the conditions. The forced cooling reduced the
coating degradation upto some extent at low laser powers and resulted in an

increase in temperature.

The forced cooling increased the bend angle for most of the parametric
conditions except at low laser power and higher scanning speed. The material
degradation and excessive melting were reduced with the application of forced

cooling condition.

The bend angle was found to be increased, attained a peak, and then decreased
with laser power, whereas it decreased with scanning speed in both the cooling

conditions.

At low laser power, the bend angle per scan was found to be increased with the

number of scans in natural cooling condition, whereas in forced cooling



condition it was nearly constant. In contrast, at high laser power, it was almost
constant in natural cooling condition and increased in forced cooling condition.
The forced cooling was found to be more effective at high laser power, low

scanning speed, and a higher number of scans.



CHAPTER 4

EXPERIMENTAL DETAILS OF FORCED COOLING
ASSISTED LASER BENDING

This chapter aims to provide comprehensive information about the methodology of the
study, including the worksheet material, experimental setup, cooling arrangement, bend
angle measurement, and post-bending analyses. Furthermore, it gives a complete
overview of the instruments utilized throughout the study and discusses their roles and
contributions. Overall, it gives a complete overview of the experimental procedure

conducted in this investigation.
4.1. Overall Methodology

This section gives a step-by-step overview of the present work, shown in Figure 4-1.
The study starts with the selection of a range of process parameters and feasibility test
of forced cooling assisted laser bending of duplex stainless steel (AISI-2205) with the
help of numerical simulations. The experimental studies are performed based on these
parameters for both natural and forced cooling conditions. The effect of the forced
cooling condition is investigated on bending angle, and material properties (mechanical,
metallurgical, chemical) are investigated and compared with that of natural cooling
condition. Furthermore, the process parameters are optimized for single as well as multi-

scan laser bending to get the maximum bend angle.
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Figure 4-1. Overall methodology of the study

4.2. Worksheet Material

This study is carried out with duplex stainless steel (Grade: 2205) sheet, which is
supplied by Padmawati steel & engg. Co., Mumbai, India. Most of the investigations
are done on 2 mm thickness sheet with the length and width of 60 mm and 30 mm
respectively. Although, for analyzing the effect of sheet geometry, sheets of different
thicknesses (1.5, 2 and 3 mm) are used with varying worksheet widths (30, 40, and 50
mm). These sheets of different dimensions are cut with the fiber laser cutting machine,
which gives good dimensional accuracy with fine cutting. All the cut worksheets are
coated with the graphite spray coating in order to improve the absorptivity, as shown in
Figure 4-2. The chemical composition of the material was tested by Laxmi PMI testing
service, Mumbai, India, and given in Table 4-1. The test report of the duplex stainless

steel sheet is given in Appendix 4.1.



Figure 4-2. Graphite coated duplex-2205 sheet specimens

Table 4-1. Chemical composition of Duplex-2205 sheets

Element

Ni

Cr

Mn

Mo

C

Fe

Weight Percentage

5.06

22.15

1.50

3.09

0.03

0.15

68.02

4.3. Experimental Setup with Cooling Arrangement

The laser bending experiments are performed on a high-power laser cutting machine
(Model: L3015; Make: ABRO Technologies Pvt. Ltd), shown in Figure 4-3. It consists
of a fiber laser source (Model: MFSC-1000W; Make: MAX Photonics Co., Ltd.) of
maximum power 1 KW and wavelength of 1075+5 nm. The specifications of the laser
cutting machine and fiber laser source are given in the Appendix 4.2 and 4.3,
respectively. A clamping arrangement is prepared to hold the worksheet as a cantilever.
The laser is irradiated along the width of the worksheet at a predefined straight line near
the center of the worksheet length. The CNC can control the scanning speed of the laser,

and the beam diameter of the laser beam can be adjusted by varying the height of the

laser head from worksheet surface.
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Figure 4-5. Schematic of experimental setup with forced cooling (a) front view and (b)
side view
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The forced water cooling at the bottom surface (opposite to laser irradiation) is applied
throughout the width of the worksheet by a multi-nozzle arrangement. This multi-nozzle
arrangement is developed by creating multiple holes of 0.75 mm diameter on a 7 mm
diameter pipe using a CO: laser cutting machine. The holes are uniformly distributed
throughout the width of the worksheet, with a 0.75 mm distance between successive
holes. This pipe is placed in a small container that is opened only from one side to avoid
water splashing on the top surface (laser irradiating) of the worksheet, as shown in
Figure 4-4(b). A small gap between the container and the free end of the worksheet is
provided to avoid hindrance during counter bending of the worksheet, shown in inset of
Figure 4-4(a). A flow control valve is installed to control the flow rate of water supplied
by the pump. The detailed schematic of the experimental setup with the forced cooling

arrangement is shown in Figure 4-5.

4.4. Beam Diameter Calculation

Beam diameter
before lens
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R
e
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of laser heat iluX | beam waist and
*‘ workpiece surface (H))
: | Ve
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&

Beam diameter

Figure 4-6. Schematic of the laser beam profile [Redrawn with permission]
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The laser beam was assumed to be circular with Gaussian distribution of heat flux. The
laser beam diameter is adjusted by varying the distance between the focal point and the
worksheet surface (H). A schematic of the laser beam profile passing through the

focusing lens is presented in Figure 4-6.

The laser beam diameter was calculated via a mathematical model (Kant, 2016) based
on the standard beam propagation equations. The beam radius (R) is calculated,
according to the Equation 4-1 (Sun, 1998).

MZAH\*
1+ .
w3

1/2 4-1

R=w,

where w,, is the minimum beam radius at the focal point known as laser beam waist, A
is the wavelength of the fiber laser beam (1080 nm), M? is the beam quality factor (1.3).
For a perfect Gaussian beam, its value is equal to one; however, it always has a greater

value in actual conditions.

According to Sun (Sun, 1998), the half divergence angle (8) is written as given in

Equation 4-2.

M?2 4-2
0=

w,

After multiplying the focal length (f;) on both sides, we got the expression given in

Equation 4-3

M2Af, 4-3
w,

f10 =

where fj is the focal length of the lens which is 125 mm. The laser beam radius (R;) can

be written as Equation 4-4
R, = 16 4-4

Inserting Equation 4-4 into Equation 4-3, the equation can be expressed as-



M2, 45
~ mR,

Wo

Equation 4-5 was used to calculate w, and it was found to be 0.00931 mm. This value
of the beam waist is utilized in Equation 4-1 to determine the required height between

the focal point and worksheet surface, considering the desired beam diameter.
4.5. Bend angle Measurement

The bend angle is measured with the help of a laser displacement sensor (Model:
ILD1320-50; Make: Micro-Epsilon Ltd.), shown in Figure 4-7. It has an accuracy of 5
pm and a 2 kHz sampling rate. The specifications of the laser displacement sensor are
given in Appendix 4.4. The sensor is placed at the free end of the worksheet with a small
offset to the edge. It is because, while bending, the laser beam of the sensor may go out
of the sheet surface. Once the sensor is fixed, the distance between the spotlight of laser
source and the laser displacement sensor is measured and keep it constant for all
experiments, as shown in Figure 4-8(a). The sensor gives the displacement of the free
end in the Z-direction along with time. The bend angle is calculated by using cosine rule
with the help of measured displacement at the free end and the distance between the

laser source and displacement sensor, as shown in Figure 4-8(b).

Figure 4-7. Laser displacement sensor
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Figure 4-8. (a) measurement of distance between spot lights of laser source and laser
displacement sensor, (b) schematic for bend angle calculation

4.6. Temperature Measurement

A thermal imaging camera shown in Figure 4-9 (Model: A315; Make: FLIR Systems
Inc.) with a maximum range of 2000 °C at an imaging frequency of 60 Hz is used to
measure the temperature of the top surface. The specifications of the thermal imaging
camera are given in Appendix 4.5. The emissivity used for the temperature measurement
is estimated by comparing the temperature measurements of the IR camera with the
measurements taken with the thermocouple and data acquisition (DAQ) system, as
shown in Figure 4-10. Similar methodology to estimate emissivity has also been
reported in the literature (Goyal et al., 2022a). The thermocouple is placed 5 mm away
from the scanning line (shown in the inset of Figure 4-10) to avoid direct interaction
with the laser beam. Then the emissivity is estimated by mapping the temperature
profiles of thermocouple with IR camera at different emissivities. It is found that the
temperature profile by thermocouple correlates well with IR camera at 0.9 emissivity
during multiple scans, as shown in Figure 4-11(a). The emissivity is not significantly
varied with number of scans; therefore, during all five scans, the emissivity is considered
0.9 for the temperature measurements. Based on this temperature measurement, the
maximum temperature at the top surface in each scan and temperature distribution along
and lateral direction to the scan line are analyzed. The maximum temperature at the top
surface is obtained by taking the average of five different points along the scan line, as
shown in the schematic (Figure 4-11(b)). Three repetitions have been carried out, and
further, an average of these repetitions is taken as the average maximum temperature at

the top surface (Tavg).
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Figure 4-9. Thermal imaging camera

Figure 4-10. Experimental setup for emissivity estimation by temperature validation
with thermocouple
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Figure 4-11. (a) Estimation of emissivity by mapping the temperature profiles of
thermal imaging camera and thermocouple, (b) schematic representation of
temperature measurement points on top surface

4.7. Post-bending Analysis
4.7.1. Micro-hardness

The hardness of the bent specimen is measured with a Vicker’s microhardness tester
(Model: 402MVD; Make: Wilson), shown in Figure 4-12(a). The specifications of the
microhardness tester are given in Appendix 4.6. The specimen for hardness
measurement is taken from the scanning region, as shown in Figure 4-12(b), with the
help of laser cutting machine. The laser cutting machine has a metal detector sensor that
auto-adjusts the height of the cutting nozzle and helps to cut the bent specimens
precisely. The hardness is measured at both the top and bottom surfaces after polishing
the specimens with polishing papers. The hardness is tested at 16 different locations of
each specimen for reasonable data. The two different loads for which tests are performed

are 500 g and 300 g, and the dwell time of indentation is kept at 10 s.
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Figure 4-12. (a) Vicker’s microhardness tester (b) dimensions and position from where

hardness test specimen is taken

4.7.2. Tensile Strength

The tensile testing is conducted on a micro-tensile testing machine shown in Figure
4-13, having the capacity upto 10 kN with the strain rate of 8 um/s. The tensile tests are
performed in both along and perpendicular to the scanning line and for both the cooling
conditions, as shown in Figure 4-14. These specimens are cut with the laser cutting
machine, having a metal detector sensor which auto adjust the height of the cutting

nozzle and helps to cut the bent sheet precisely.
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Figure 4-14. Dimensions and orientation of tensile test specimen (a) along the scan
line and (b) perpendicular to the scan line

4.7.3. Corrosion Analysis

The corrosion behavior of the laser bent specimens (bent with both forced and natural
cooling) is analyzed by the electrochemical corrosion tests with Autolab
electrochemical workstation shown in Figure 4-15. The specifications of the autolab
electrochemical workstation are given in Appendix 4.7. The potentiodynamic
polarization data and Tafel plot is analyzed by the Nova 2.1 software. A three-electrode
cell is utilized to conduct the electrochemical corrosion tests, as shown in Figure 4-15
(b). The laser-bent specimen, taken from the scanning region (similar to the hardness
specimen, as shown in Figure 4-12(b)), serves as the working electrode. A platinum wire
is used as the counter electrode, and Ag/AgCl is used as the reference electrode. A 3.5

wt% NaCl solution is employed as the corrosive medium. The exposed area of the bent
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specimen is 1 cm?, while the remaining area is painted. Open-circuit potential tests are
conducted for 1800 seconds to stabilize the voltage before proceeding with the
polarization experiments. The potentiodynamic scans are performed within a voltage

range of -1 V to 1 V, with a scan rate of 1 mV/s.

Figure 4-15. (a) Autolab electro-chemical workstation (b) position of electrodes

4.7.4. Metallurgical Analysis

4.7.4.1. Optical Microscopy

The metallurgical behaviour of the duplex stainless steel specimens before and after
laser bending with forced as well as natural cooling is analyzed. The specimens for this
analysis are taken from the central region of the scanning line, like hardness specimens,
shown in Figure 4-12(b). These specimens are polished with silicon carbide polishing
papers of grit size range of 400 to 4000, and then alumina paste of 1 micron particle size
is used for final polishing. The polished specimens are etched with two different
etchants, and microstructural images are taken with an inverted optical microscope
(model: GX53, make: Olympus) shown in Figure 4-16. The specifications of the optical
microscope are given in Appendix 4.8. These two etchants are Beraha’s solution (85 ml
distilled water, 15 ml HCI, and 1g K2S205) and Aqua regia (1 HNO3 + 3 HCI).
Beraha’s solution is used as an etchant to differentiate between the phases (ferrite and
austenite), whereas Aqua regia is used to see the grain structures of both phases.
Furthermore, to measure the grain size, a line is drawn on a microscopic image, and the

image processing software is used to measure the length and number of intersections of
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grain boundaries with the line. The ratio of the length of the line and the number of

intersections is considered as grain size.

Figure 4-16. Inverted optical microscope

4.7.4.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) (model JSM-6610LV, make JEOL) shown in
Figure 4-17 is used for further investigating the microstructure laser bent specimens for
both natural and forced cooling. Additionally, the surface morphology of these bent
specimens before and after the corrosion testing is also analyzed. The specifications of

the SEM are given in Appendix 4.9.

130



Figure 4-17. Scanning electron microscopy with energy dispersive spectroscopy
attachment

4.7.4.3. Energy Dispersive Spectroscopy

The elemental distribution is also investigated in the scanning region for both the
cooling conditions before and after the corrosion testing. Energy Dispersive
spectroscopy (EDS) (attachment of SEM) is used for analyzing the elemental

distribution.

4.7.4.4. X-Ray Diffraction

An X-Ray diffraction (XRD) (model: X’Pert PRO, make: PANalytical) is used to
examine the phase distribution in both the cooling conditions before and after the
corrosion test. The XRD setup is shown in Figure 4-18, and the specifications are given
in Appendix 4.10.
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Figure 4-18. X-Ray diffraction setup

4.8. Summary

This chapter provides a comprehensive description of the methodology and
experimental details used in the study. It includes the step-by-step process followed in
the investigation, material, experimental setup, measurement of performance
parameters, and the details of the measuring instruments. The summary of the chapter

is as-

e The chapter begins by outlining the overall methodology, which involves
selecting process parameters and testing the feasibility of forced cooling assisted
laser bending through numerical simulations. Then experimental investigation

on both single and multi-scan forced cooling assisted laser bending.

e The chapter discusses the worksheet material used in the study, which is duplex
stainless steel (Grade: 2205). It provides details about the dimensions and
coating of the worksheet material. The chemical composition of the material is

also presented.
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e The experimental setup is described, which involves the description of a high-
power laser cutting machine equipped with a fiber laser source. The clamping
arrangement for holding the worksheet as a cantilever is explained, along with
the laser irradiation and scanning process. The cooling arrangement, involving
forced water cooling applied to the bottom surface of the worksheet, is also
discussed in detail.

e The measurement of the bend angle using a laser displacement sensor is
explained. The calculation of beam diameter is presented, considering the
Gaussian distribution of heat flux and the laser beam profile passing through the
focal lens.

e Temperature measurement methods are described, including the use of a thermal
imaging camera to measure the temperature of the top surface. The estimation
of emissivity for temperature measurement is explained through a comparison

with thermocouple data.

e The chapter also covers the post-bending analysis techniques employed in the
study. These include micro-hardness testing, tensile strength testing performed
in different orientations, corrosion analysis using electrochemical tests,
metallurgical analysis through optical microscopy, scanning electron
microscopy (SEM), energy-dispersive spectroscopy (EDS), and X-Ray
diffraction (XRD).

Overall, this chapter provides a detailed account of the experimental procedure,
including the materials used, experimental setup, measurement techniques, and post-
bending analyses, giving a comprehensive understanding of the methodology employed

in the study.
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CHAPTER S

FORCED COOLING ASSISTED SINGLE SCAN LASER

BENDING

This chapter includes the experimental investigation of forced cooling assisted single-
scan laser bending. The primary focus is to analyze the effects of cooling conditions and
various process parameters on key performance indicators, such as temperature
distribution, bend angle, and mechanical and metallurgical properties. The objective is
to evaluate the effectiveness of forced cooling in improving the laser bending process.
The chapter also includes the optimization of process parameters for obtaining a higher
bend angle at a minimum possible energy input. The summary of experimental and

optimization results is given in the last section of the chapter.
5.1. Input Parameters

The laser bending experiments were performed for different sets of process parameters
to investigate their influence on the bend angle. These process parameters and their

ranges of variation are given in

Table 5-1. Moreover, experiments at each parameter are repeated three times to obtain

Parameters Values
Flow rate (f) 0 (Natural Cooling), 0.5, 0.85 L/min (Forced Cooling)
Laser Power (P) 550, 700, 850, 1000 W
Worksheet Width (w) 30, 40, 50 mm
Sheet Thickness (T) 1.5,2,3 mm
Beam Diameter (D) 4,6,8mm
Scanning Speed (V) 600, 1000, 1400, 1800 mm/min

reasonable data. The forced cooling referred to a constant value of water flow rate of

0.85 L/min, except during the study that specifically examined the effect of flow rate.



Table 5-1. Input parameters of laser bending experiments

Parameters

Values

Flow rate (f)

0 (Natural Cooling), 0.5, 0.85 L/min (Forced Cooling)

Laser Power (P)

550, 700, 850, 1000 W

Worksheet Width (w) 30, 40, 50 mm
Sheet Thickness (T) 1.5,2,3 mm
Beam Diameter (D) 4, 6,8 mm

Scanning Speed (V)

600, 1000, 1400, 1800 mm/min

5.2. Temperature Analysis

Figure 5-1 shows the temperature profile of the center of the scan line with respect to

time for different process parameters in both cooling conditions. It is observed that for

constant scanning speed, the maximum temperature is increased and the cooling rate is

decreased with increase in laser power, as shown in Figure 5-1(a) & (b). On the other

hand, for constant laser power, the maximum temperature reduces, and cooling rate

increases with increase in scanning speed, as shown in Figure 5-1 (b) and (c). It may

because of the lower laser-worksheet interaction time. It is also found that the maximum

temperature is reduced and cooling rate is increased in forced cooling condition in

comparison to natural cooling. Furthermore, the forced cooling is more significant at

higher laser power and low scanning speed in terms of reducing the maximum

temperature and increasing the cooling rate.
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Figure 5-1. Irradiated surface temperature at the center of scanning line: (a) P = 550
W, V = 600 mm/min, (b) P = 1000 W, V = 600 mm/min, (c) P = 1000 W, V = 1800
mm/min for both the cooling conditions



5.3. Bend Angle Analysis

The bend angle achieved at different combinations of process parameters including laser
power (P), scanning speed and (V), beam diameter (D), sheet thickness (T), and
worksheet width (w) and the percentage increment in bend angle in forced cooling to

natural cooling conditions is shown in



Table 5-2. The influence of scanning speed, beam diameter, laser power, thickness, and
width of the worksheet on the bend angle is discussed in natural and forced cooling

conditions.



Table 5-2. Bend angle achieved at different process parameters in both natural and
forced cooling conditions

Bend angle (°)

%

P v D T W Natural | F d | Incrementin
W) | (mmimin) | (mm) | (mm) | (mm) | Nawural | rorce
cooling | cooling | bend angle
600 2.62 3.18 21.37
1000 2.40 2.60 8.33
530 1400 4 2 30 1.97 2.02 2.54
1800 1.50 1.54 2.67
600 2.59 3.20 23.55
1000 2.63 2.85 8.37
700 1400 4 2 30 2.26 2.44 7.96
1800 1.92 1.86 -3.12
600 2.30 3.06 33.04
1000 2.82 3.06 8.51
4 2
830 1400 30 2.53 2.67 5.53
1800 2.10 2.07 -1.43
600 2.01 3.11 54.73
1 .04 : :
1000 000 4 5 30 3.0 3.30 8.55
1400 2.80 2.81 0.36
1800 2.45 2.43 -0.82
600 2.24 3.62 61.61
1000 2.47 3.18 28.74
700 1400 0 2 30 1.81 2.14 18.23
1800 131 1.53 16.79
600 2.52 3.53 40.08
1000 1.54 2.19 42.21
700 1400 8 2 30 0.94 1.40 48.94
1800 0.72 0.80 11.11
550 1.20 1.98 65.00
700 2.47 3.18 28.74
850 1000 0 2 30 3.01 3.85 27.91
1000 2.93 411 40.27
550 0.95 1.08 13.68
700 1000 8 ) 30 1.54 2.19 42.21
850 2.60 3.26 25.38
1000 3.24 3.61 11.42
600 0.77 3.69 379.22
200 1000 4 15 30 3.21 4.43 38.01
1400 ' 3.16 3.63 14.87
1800 2.93 3.43 17.06




600 1.84 2.15 16.85
1000 1.56 1.29 -17.31
700 1400 4 3 30 1.03 0.98 -4.85
1800 0.96 0.61 -36.46
550 2.95 3.63 23.05
700 3.21 4.43 38.01
850 1000 4 L5 30 2.68 4.37 63.06
1000 0.79 4.24 1
550 1.18 1.13 -4.24
700 1.56 1.29 -17.31
850 1000 4 3 30 1.58 1.63 3.16
1000 1.74 2.01 15.52
600 2.47 4.08 65.18
550 1000 4 ) 40 2.70 3.19 18.15
1400 2.31 2.68 16.02
1800 1.99 2.15 8.04
600 2.25 4.63 105.78
550 1000 4 5 50 2.70 3.74 38.52
1400 2.87 2.68 -6.62
1800 2.89 2.56 -11.42
550 2.25 3.02 34.22
700 2.70 3.19 18.15
850 1000 4 2 40 2.87 4.08 42.16
1000 2.89 4.26 47.40
550 2.24 3.07 37.05
700 2.71 3.74 38.01
850 1000 4 2 >0 3.16 4.09 29.43
1000 3.39 4.88 43.95

The bend angle in natural cooling condition is decreased with laser power, whereas it is
almost constant in the forced cooling condition for low scanning speed, as shown in
Figure 5-2(a). In contrast, at high scanning speed, bend angle is increased with laser
power in both the cooling conditions. The bend angle is increased with higher rate at a
larger beam diameter in comparison to a low diameter (Figure 5-2(b)). Figure 5-2(c)
shows the change in bend angle with laser power for the sheets of various thicknesses.
It is found that initially the bend angle is increased marginally and then decreased
drastically with laser power in both the cooling conditions for low thickness sheets.
Instead, for thick sheets, it is increased with laser power. Furthermore, for different

widths of the worksheet, the bend angle is increased with laser power in both the cooling



conditions. Moreover, the increment in bend angle is higher in larger width worksheets,

especially in forced cooling conditions, as shown in Figure 5-2(d). In general, the bend

angle increased by forced cooling is effective at higher laser power at all different

parametric conditions. It is because in natural cooling condition at higher laser power,

compressive plastic deformation is increased at the lower surface. It tends to bend the

sheet in opposite direction and results in reduction in the bend angle. Forced cooling at

the lower surface reduces the chances of compressive plastic deformation at the lower

surface and results in higher bend angle.
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Figure 5-2. Bend angle vs. laser power at different (a) scanning speed (b) beam

diameter (c) sheet thickness and (d) width of the worksheet

Figure 5-3 (a) shows that the bend angle is decreased at low laser power, whereas at

high laser power, it initially increases, reaches to peak, and then reduces with scanning

speed. A similar trend is observed in both natural as well as forced cooling conditions.



For different diameter laser beams, the bend angle decreased with scanning speed for
both the cooling conditions. The bend angle is decreased with a higher rate in the
condition of larger beam diameter in both natural and forced cooling conditions, as
shown in Figure 5-3(b). Figure 5-3(c) shows that the bend angle is first increased for a
low thickness sheet and then decreased with scanning speed in both the cooling
conditions. In contrast, it is decreased with scanning speed for higher thickness sheets.
In the natural cooling condition, the bend angle is decreased with the increment in
scanning speed for smaller width of the worksheet, whereas for the large width
worksheet, it is increased (Figure 5-3(d)). The bend angle is decreased with scanning
speed in forced cooling condition for both the worksheet widths. Overall, the forced
cooling significantly increases the bend angle at low scanning speed for all different
process parameters. It is because, at low scanning speed, the laser-worksheet interaction
time is increased, which leads to a reduction in temperature gradient. It increases the
chances of compressive plastic deformation at the lower surface, resulting in a smaller
bend angle in natural cooling condition. The temperature gradient is increased in forced
cooling condition (Yadav et al.,, 2022a). It reduces the chances of generating

compressive deformation at the lower surface, leading to a higher bend angle.
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Figure 5-3. Bend angle vs. scanning speed at different (a) laser power, (b) beam
diameter, (c) sheet thickness, and (d) width of the worksheet

The bend angle is decreased with beam diameter in both the cooling conditions for low
laser power (Figure 5-4 (a)). Whereas at high laser power, it slightly decreases and then
increases with beam diameter for natural cooling condition. In forced cooling condition,
the angle first increases with beam diameter and then reduces. Figure 5-4(b) shows the
influence of beam diameter on bend angle for different scanning speeds. Initially, the
bend angle is decreased and then increased with the increment in beam diameter at low
scanning speed, in natural cooling condition. In forced cooling condition, it is increased
with beam diameter and becomes almost constant. Whereas, at higher scanning speed,
the bend angle is decreased with the beam diameter in both the cooling conditions.
Overall, the forced cooling is effective at intermediate beam diameter. It may be

because, at lower beam diameter, the plastic zone is small, and forced cooling further



reduces the plastic zone. The larger beam diameter reduces the energy density, and
forced cooling further reduces the energy by increasing convection heat transfer.
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Figure 5-4. Bend angle vs. beam diameter at different (a) laser power (b) scanning
speed

Figure 5-5 shows the influence of sheet thickness on bend angle at different powers,
scanning speeds, and cooling conditions. The bend angle is decreased with sheet
thickness at low laser power in both cooling conditions (Figure 5-5(a)). In contrast, at
higher laser power, initially, it increases, reaches to the peak, and reduces with the
increase in sheet thickness in natural cooling condition and continuously decreases in
forced cooling condition. A similar trend can be seen for low scanning speed in Figure
5-5(b). Whereas, the bend angle is decreased with sheet thickness at high scanning speed
in both natural and forced cooling conditions. In general, forced cooling at lower surface
is more effective for lower sheet thickness than higher thickness, irrespective of
variation in power and scanning speed. The temperature gradient generated in low
thickness sheet is less in natural cooling condition, which is increased by applying

forced cooling and results in higher bend angle.
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Figure 5-6. Bend angle vs. width of the worksheet at different (a) laser power (b)
scanning speed

Figure 5-6(a) shows that in natural cooling condition, the bend angle is nearly constant
with the increase in width of the worksheet at low laser power. However, at high laser
power, it increases at increased worksheet width. In contrast, the angle continuously
increases with the worksheet width in forced cooling condition for both the laser powers.
Although, the bend angle is increased drastically at higher laser power in forced cooling
condition. The bend angle variation with worksheet width at different scanning speed
and cooling conditions is shown in Figure 5-6(b). The bend angle is decreased with the
increase in width of the worksheet at low scanning speed during natural cooling

condition. Whereas, at high scanning speed, the bend angle is initially nearly constant



but increases at the increased width of the worksheet. In forced cooling condition the
bend angle is increased with width of the worksheet at both low and high scanning
speeds. Although, increasing rate of bend angle is higher at low scanning speed. In
general, the forced cooling is found to be more significant for higher width of the
worksheet. The higher width of the worksheet provides more restriction to the expansion
of the heating zone, resulting in higher compressive stresses that leads to higher bend
angle.

Table 5-3. Bend angle variation with respect to variable cooling water flow rate

Bend Angle
Laser Scanning Beam f=0L/min | =05 L/min f= O._85
Power Speed Diameter L/min
. (Natural (Forced
(W) (mm/min) (mm) Cooling) Cooling) (Forced
Cooling)
550 1000 4 2.40 2.26 2.60
700 1000 4 2.63 291 2.85
850 1000 4 2.82 3.16 3.06
1000 1000 4 3.04 3.27 3.30
700 600 4 2.59 3.31 3.20
700 1400 4 2.26 2.16 2.44
700 1800 4 1.92 1.64 1.86

In forced cooling condition the variation of water flow rate is also investigated. The
flow rate of cooling water was varied for a particular set of parameters and the respective

bend angle achieved is given in Table 5-3.
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Figure 5-7. Bend angle variation with (a) laser power, and (f) scanning speed at
different flow rates
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The effect of cooling water flow rate along with laser power and scanning speed,
respectively shown in Figure 5-7(a) and (b) . At high laser powers, The temperature
gradient increased by increasing the cooling flow rate from 0 to 0.5 L/min, which results
in higher bend angle(Figure 5-7(a)). Although, on the further increase in the flow rate
to 0.85 L/min slight reduction is observed, which may be due to excessive heat carried
away by the coolant. At particular laser power of 700 W, the bend angle follows a similar
pattern for low scanning speed (Figure 5-7(b)). Whereas, the bend angle is almost
constant at high scanning speed and low laser power, because the energy supplied is less
and forced cooling further reduces it, and increases the temperature gradient

simultaneously.
5.4. Mechanical and Metallurgical analysis

Figure 5-8 shows the tensile test results of base material and bent specimens for both
the cooling conditions at different set of parameters. It is found that the tensile strength
is almost similar for all the bent specimens with a slight increment (upto 6%) in
maximum tensile strength in comparison to the base material. Although, the ductility of
the bent specimens is decreased in most of the cases. In forced coolingcondition, the
tensile strength is slightly higher and ductility is lower as compared to natural cooling.
The hardness of the bent specimen is measured in the scanning region at both upper and
lower surfaces for both the cooling conditions at different parameters. The hardness is
found to be significantly increased at the upper surface whereas at lower surface, slight
increment is observed, as shown in Figure 5-9. This increment is more significant in

forced cooling condition (18 to 32 %) in comparison to the natural cooling (10 to 28 %).

The microstructure of the bent specimens is analyzed to explore the possible reason of
above-mentioned changes in mechanical properties. The properties of duplex stainless
steel depend on the combination of ferrite and austenite phases (Stainless, 2014). The
base material has both ferrite (dark) and austenite (bright) phases uniformly distributed
along the rolling direction, as shown in Figure 5-10(a). Figure 5-10(b) shows that the
distribution of these phases has changed and grain refinement is occurred in the scanning
region. At the upper surface, the major portion of the microstructure is ferrite, whereas
austenite is present at the grain boundaries of the ferrite matrix, as shown in Figure 5-10
(c). Similar observations are also reported by Odermatt et al. (Odermatt et al., 2021a),

where it is observed that the microstructure of melt is fully ferrite, and during cooling,



austenite formation is going to start at the grain boundaries of ferrite. The limited
melting and rapid cooling during the forced cooling condition may lead to a relatively
higher percentage of austenite with smaller grains. So, the higher ferrite phase and
smaller grains of austenite may be the reason behind high strength and hardness and low
ductility. At the lower surface, the microstructure is quite similar to the base material
but the hardness is increased may be due to the formation of sigma (o) phase at the
boundaries of ferrite and austenite (Dos Santos and Magnabosco, 2016). Literature
reports that the sigma phase forms in the temperature range of 500 °C to 850 °C and it
dominates at higher cooling rates (Oh et al., 2013; Petrovic et al., 2012; Tehovnik et al.,
2016). That may be the reason of higher hardness at low laser powers and high scanning
speed and in forced cooling conditions, respectively.
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Figure 5-8. Tensile strength analysis at: (a) different laser powers for V = 600
mm/min, and (b) different scanning speeds for P = 1000 for both natural and forced
cooling conditions
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5.5. Optimization

5.5.1. Regression Fit Function

The experimental results discussed above show that for a particular sheet geometry, the
bend angle significantly affected by energy parameters (scanning speed, laser power and
beam diameter), and cooling conditions. The impact of each parameter is heavily
influenced by the other parameters. So, the interaction effect of these process parameters
is also investigated by making a fit function (Equation 5-1) that includes all these
process parameters using the experimental data. The coefficient of determination (R?)
of the developed empirical model is 87.24%. The P-value shows the significance level
of the respective parameter or model. A p-value <0.05 represents that a particular
parameter or model significantly affects the response. The P-values of the regression
model and process parameters are given in Table 5-4. This function is experimentally
validated by comparing the predicted and experimentally achieved bend angle for
random values of process parameters. The predicted values align well with the

experimental results, with an absolute error of 8.74% as shown in Table 5-5.

Bend Angle = 7.036 + 0.798 X f — 0.006067 x P
— 0.001101 xV — 0.798 x D
+ 0.000416 X f x P — 0.000840 X f xV
+ 0.0692 X f XD + 0.000002 x P xV 5.1
+ 0.001205 X P xD — 0.000217 XV x D

Table 5-4. Results of ANOVA for the regression model of bend angle.

Source DF | F-Value | P-Value Significance
Regression 10 84.11 0.000
Flow Rate 1 3.23 0.075 Non-significant
Laser Power 1 47.22 0.000 Significant
Scanning Speed 1 5.86 0.017 Significant
Beam Diameter 1 58.23 0.000 Significant
Flow Rate*Laser Power 1 1.04 0.310 Non-significant
Flow Rate*Scanning Speed 1 30.08 0.000 Significant
Flow Rate*Beam Diameter 1 3.30 0.072 Non-significant
Laser Power*Scanning Speed 1 18.43 0.000 Significant




Laser Power*Beam Diameter 1 113.80 0.000 Significant
Scanning Speed*Beam Diameter| 1 26.11 0.000 Significant
Error 123
Lack-of-Fit 56 8.08 0.000
Pure Error 67
Total 133

Table 5-5. Experimental validation of fit function at random process parameters.

Predicted Experimental | Standard

f P v D Bend Angle Bgnd Angle Deviation Yo Error
0.75 | 620 | 855 | 6 2.55 2.66 0.16 4.00
021 | 770 | 706 | 5 2.75 2.70 0.02 -1.72
0.85| 930 | 876 | 4 3.22 3.09 0.35 -3.97
0.85 | 880 | 1642 | 4 2.48 2.19 0.03 -13.46

0 610 | 679 | 5 2.37 2.63 0.06 9.74
0.75 | 700 | 1065 | 8 2.2 1.89 0.31 -16.13
0.75 | 760 | 1081 | 5 2.7 2.82 0.04 4.28

0 650 | 1250 | 7 1.35 1.67 0.1 19.30

0 820 | 759 | 6 2.63 2.59 0.29 -1.59
0.21 | 960 | 1755 | 4 2.59 2.29 0.04 -13.19

5.5.2. Process Parameter Optimization using Pareto optimality and Genetic

Algorithm
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Table 5-2 present experimental data indicating that similar bend angles can be achieved
with different parameters. The process parameters should be selected according to the
minimum required energy to achieve a specific bend angle. Therefore, when optimizing
these parameters, the objective should not only be to maximize the bend angle but also
to maximize the bend angle per unit line energy. Line energy refers to the amount of
energy that is delivered to a worksheet per unit length of scanning. This value can be
determined by dividing the laser power by the scanning speed. The optimization process
should prioritize the first objective outlined in Equation 5-1, which aims to maximize
the bend angle, followed by the second objective outlined in Equation 5-2, which aims
to maximize the bend angle per unit line energy.

Bend Angle  Bend Angle (Equation 1) 5-2
Line Energy P/V
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Figure 5-11 Experimental data on the field of both objective functions

Pareto optimization is utilized to tackle the multi-objective optimization problem with
the help of Genetic Algorithm, which provides a set of optimal parameters that cannot
enhance one objective without compromising the other (Tusar et al., 2015). For a better
understanding, the experimental data are plotted on a 2D graph (Figure 5-11), where the
axes represent the two objectives of the optimization problem (bend angle and bend
angle per line energy). Each black data point represents a unique combination of
parameters. It is evident from the figure that every black data point can be enhanced in

either of the objectives or both without degrading the other objective. For example, point



1 can be improved to 1 with a higher bend angle without any loss in bend angle per line
energy. Similarly, point 2 can upgrade to 2 with higher bend angle per scan without
degrading the bend angle. Furthermore, point 3 can improve to 3° by enhancing both the
aspects (bend angle and bend angle per scan). Based on the above discussion, it is clear
that black data points cannot provide an optimal solution. The optimal solution lies
within the Pareto front (red data point), or it may be situated beyond these points and
approaching the X, indicated in Figure 5-11. A genetic algorithm is employed to achieve

an optimum Pareto front, approaching the X.

The genetic algorithm (GA) is a computational optimization technique that takes
inspiration from the process of natural selection as described by Darwin's theory of
evolution.. The GA consists of three fundamental genetic operators: selection,
crossover, and mutation (Zan et al., 2020). The selection operator is employed to
identify the chromosome with the highest fitness value from the population. The
chromosomes are then modified through the crossover and mutation operators to
achieve the best fit and meet the specific objective. These modified chromosomes are
referred to as offspring. The selection operator is subsequently utilized to search for the
fittest value from the previous generation and the offspring. The crossover and mutation
operators are then applied to develop the new generation (Esfahani et al., 2016;
Keshtiara et al., 2021). This process iterates until the best-fit value for the specific

objective is attained.

Table 5-6. Optimized Pareto front data set

S.No. f P \/ D Bend angle | Bend angle per
line energy
1 0.8498 | 988.45 1653 7.99 3.08 0.0858
2 0.8499 | 988.07 | 11219 | 7.99 3.91 0.074
3 0.85 987.59 | 673.3 7.99 4.61 0.0524
4 0.8489 | 988.02 | 1607.7 | 7.98 3.15 0.0853
5 0.8469 | 987.55 | 791.8 7.98 4.42 0.0591
6 0.8354 | 987.41 816 7.98 4.37 0.0602
7 0.8477 | 987.91 | 14029 | 7.98 3.47 0.082
8 0.8473 | 987.41 | 997.2 7.98 4.1 0.069
9 0.8404 | 987.51 | 1168.7 | 7.98 3.83 0.0755




10 0.8498 | 988.45 | 1653 7.99 3.08 0.0858
11 0.8459 | 987.63 | 1036.2 | 7.98 4.04 0.0706
12 0.8372 | 987.47 | 888.7 7.95 4.25 0.0638
13 0.8497 | 988.19 | 1488.9 | 7.99 3.34 0.0838
14 0.8472 | 988.14 | 15553 | 7.98 3.23 0.0847
15 0.8445 | 987.67 | 1328.2 | 7.98 3.58 0.0803
16 0.8427 | 987.50 | 712.2 7.98 4.54 0.0546
17 0.8469 | 987.45 | 750.9 7.98 4.49 0.0569
18 0.8303 | 987.23 | 848.8 7.98 4.31 0.0618

The Pareto optimization with GA gave a set of optimized parameters (Table 5-6). This
set of parameters is used to form an optimized Pareto front, shown in Figure 5-12. The
maximum optimized bend angle is 4.61°, which is around 7.5% higher than the
maximum bend angle achieved in experimental data. The optimum parameters are f =
0.85 L/mm, P =987.59 W, V =673.3 mm/min and D = 7.99 mm. Furthermore, the bend
angle per line energy is also improved by 22.14% from 0.0429 to 0.0529. The optimum
parameters are experimentally validated and found in good agreement with error of
2.21%. Overall, in natural cooling condition the maximum bend angle achieved is 3.24°,

which enhanced to 4.61° in forced cooling condition. This increment of around 42% in

bend angle is achieved with almost same rate of bend angle per line energy.
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Figure 5-12. Optimized pareto front.




It can also be observed by comparing Figure 5-11 and Figure 5-12 that bend angle per
unit line energy has been enhanced significantly after optimization. Even the maximum
bend angle per unit line energy (0.05194) achieved in initial experiments is less than

that of the minimum in optimized parameters (0.0524), with a higher bend angle.
5.5.3. Mechanical and metallurgical properties at optimum condition

The tensile and hardness test results of the specimens bent with optimum parameters
show that the tensile strength of the bend specimen is increased. Although, the ductility
is reduced, as shown in Figure 5-13(a). The hardness at both lower and upper surfaces
is also increased compared to the base material. However, the hardness at the lower
surface is less than the upper surface, as shown in Figure 5-13(b). The microstructure is
investigated at both lower and upper surfaces. The etchant (Beraha's solution) reacts
with the ferrite phase (dark) only, and the austenite (bright) remains the same (Varbai et
al., 2018). Figure 5-13(c) shows that the ferrite and austenite are equally present and
arranged in the rolling direction. The laser irradiation has rearranged this distribution.
At the upper surface, the austenite accumulates at the ferrite grain boundaries. The high
temperature at the upper surface causes melting that results in the complete formation
of the ferrite phase, whereas, formation of austenite initiates at the grain boundaries
while cooling (Yadav and Kant, 2022). On the other hand, at the lower surface, both

phases are distributed uniformly, and grain refinement has occurred.
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5.6. Summary

The experimental study is conducted on single scan laser bending of duplex-2205 in
natural and forced cooling conditions. The temperature profile, bend angle, and
mechanical and metallurgical properties in natural and forced cooling conditions are
investigated to analyze the effects of worksheet geometry (thickness and width), laser
parameters (scanning speed, beam diameter, and power), and cooling conditions (flow
rate). These process parameters are optimized using pareto analysis and genetic
algorithm in order to achieve higher bend angle with a high rate of bend angle per line
energy given to the worksheet. The fit function used for optimization and the optimum
parameters are experimentally validated, and the mechanical and metallurgical
properties at the optimum condition are also analyzed. The important observations of

the study are-

e The maximum temperature at the upper surface is reduced, and the cooling rate
is increased with the application of forced cooling, which reduces the material
degradation.
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The bend angle is found to be higher in forced cooling at lower scanning speed,
intermediate beam diameter, and higher laser power, irrespective of variation in
other parameters. Furthermore, the bend angle is observed to be higher in forced
cooling for lower thickness and longer width of the worksheet.

The results of the study indicate that the use of forced cooling on the lower
surface can lead to a considerable increase in the bend angle. The maximum
bend angle achieved in the natural cooling condition was 3.41° which was
enhanced by 35.2 % in the forced cooling condition and reached to 4.61° with
almost the same bend angle per line energy rate.

The tensile strength and hardness of bent specimens are improved at the expense
of ductility. Additionally, forced cooling has increased the tensile strength and

hardness as compared to natural cooling condition.

The variation in phase distribution is observed at the upper surface in the
scanning region, whereas at the lower surface, the phase distribution is quite
similar to base material except for the sigma phase formations at the boundaries

of ferrite and austenite.

The maximum bend angle achieved in the experimental data set was 4.29°,
whereas the optimum bend angle is 4.61°, so the bend angle was enhanced by
7.5% only. But the maximum bend angle in initial experiments was achieved at
bend angle per line energy of 0.0429 which is enhanced to 0.0524 at optimum

condition, so the bend angle per line energy rate is improved by 22.14 %.

The tensile strength and hardness of the bend specimen at optimum parametric
condition were found to be enhanced at the expense of ductility. That was

because of the rearrangement of phase distribution in the laser irradiation region.



CHAPTER 6

FORCED COOLING ASSISTED MULTI-SCAN LASER

BENDING

This chapter focuses on investigating the potential of forced cooling assisted laser
bending with multiple laser irradiations. It consists of two studies that explore the
process at different parameter ranges. The first study used the same parameters as the
single-scan forced cooling assisted laser bending, which were high-line energy
parameters suggested by the pilot study. On the other hand, the second study was
performed using low-line energy parameters. Although, the pilot study did not find
forced cooling assisted laser bending effective at low line energies in single-scan laser
bending. The motivation behind studying low-line energies in a multi-scan approach is
based on the idea that the total energy supplied to the worksheet is high due to multiple

scans. This approach may potentially yield new information about the process.

6.1. Multi-Scan Forced Cooling assisted Laser Bending at High Line
Energy

The present study attempts to enhance the bend angle of duplex stainless steel by
applying forced cooling during multi-scan laser bending. It may reduce the number of
scans required for achieving a required bend angle which ultimately reduces the time,
cost, energy, and material degradation due to excessive heating. The effects of process
parameters under natural cooling and forced cooling conditions are analysed in this
study, along with the investigation of the metallurgical, mechanical, and corrosion
properties of the bent specimens. The process parameters used in this study are identical
to those employed in the previous chapter on forced cooling assisted single-scan laser
bending, given in Table 5-1. Throughout the study, the number of scans remained

constant at five.



6.1.1. Bend angle analysis

The variation in bend angle (after five scans) with laser power for both natural and
forced cooling conditions at different scanning speeds is shown in Figure 6-1(a). In
natural cooling condition, the bend angle reduces with the increment in laser power for
low scanning speeds, while it increases for higher scanning speeds. On the other hand,
it is found to be enhanced with laser power in forced cooling condition, although the
rate of increment decreases. Figure 6-1(b) reveals that the bend angle is enhanced,
attained peak, and then reduced at higher scanning speed for natural conditions.
Moreover, the bend angle is minimum and maximum at high and low laser power,
respectively, for low scanning speed, whereas this pattern gets reversed at high scanning
speed. On the other hand, in forced cooling condition, the bend angle reduces with
scanning speed, irrespective of laser power. Additionally, the maximum bend angle is

observed at high laser power, irrespective of scanning speed.

The bending by TGM depends on the temperature gradient and the difference in the
plastic strain developed between the upper and lower surfaces. The lower scanning
speed leads to more laser-worksheet interaction time and results in higher heat transfer
to the lower surface, reducing the temperature gradient (Yadav et al., 2022b). The forced
cooling helps reduce the temperature at the lower surface, which raises the temperature
gradient and enhances the bend angle (Yadav et al., 2022a). Although, the energy
absorbed is less at high scanning speed, and forced cooling further takes away a part of
the heat, resulting in a lower bend angle, especially at low laser power. Overall, the bend
angle is significantly enhanced at low scanning speed and high laser power in forced

cooling condition.
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Figure 6-1. Variation in bend angle with (a) laser power at different scanning speed,
(b) scanning speed at different laser power for both the cooling conditions

In natural cooling condition, the bend angle decreases with beam diameter at high
scanning speed, whereas at low scanning speed, it starts increasing at large beam
diameter (Figure 6-2(a)). Similarly, the bend angle decreases with beam diameter in
forced cooling condition, although at low scanning speed first it increases and then
reduces. In both cooling conditions, the bend angle decreases with beam diameter at low
laser power. In contrast, at high laser power, first, it reduces then enhances in the natural
cooling condition, and vice-versa in forced cooling condition (Figure 6-2(b)). It may be
because, at high laser power and low scanning speed, the compressive stresses at the
lower surface are higher at lower beam diameter in natural cooling condition (Ravi Kant
and Joshi, 2016b). However, at large beam diameter, these stresses are less due to the
reduction in the energy density, which is further reduced by forced cooling. Overall, it
is observed that the bend angle is enhanced in forced cooling for a moderate beam

diameter.



Natural Cooling - - - Forced Cooling Natural Cooling - -- Forced Cooling
® V=600 mm/min @ V=1000 mm/min B P=550W ® P=700W
A V=1400 mm/min % V =1800 mm/min A P=850W * P=1000W

Bend Angle (°)
Bend Angle (°)

|P=700wW

D=4 mm "
3Jw=30mm Tes *
f=0.85 L/min
T T T
4 6 8
Beam Diameter (mm) Beam Diameter (mm)
(a) (b)

Figure 6-2. The variation in bend angle with beam diameter at various (a) laser power
and (b) scanning speed for both the cooling conditions

In natural cooling condition, the bend angle enhances with increment in sheet thickness
at 600 mm/min scanning speed, although the rate of increment is reduced at higher sheet
thickness (Figure 6-3(a)). At higher scanning speed, it increases and then reduces with
the increment sheet thickness. Further increment in scanning speed (1800 mm/min)
results in continuous decrement in bend angle. In forced cooling condition, the bend
angle is continuously reduced with an increment in the sheet thickness at all sets of scan
speed and laser power. Moreover, at low sheet thickness, the angle is maximum and
minimum at low and high laser power, respectively, whereas this pattern gets reversed
at high sheet thickness (Figure 6-3(b)). The low sheet thickness led to low-temperature
gradient in comparison to high sheet thickness for natural cooling condition.
Furthermore, the stiffness of the worksheet is also increased with sheet thickness which
requires higher energy to get deformed, leading to a low bend angle at high scanning
speed and low laser power. The forced cooling raises the temperature gradient in thin
sheets at low scanning speed, which enhances the bend angle. Overall, the forced

cooling is more significant for low-thickness sheets.
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Figure 6-3. The variation in bend angle with sheet thickness at various (a) laser powers

and (b) scanning speeds for both the cooling conditions

Figure 6-4(a) & (b) show the effect of worksheet width in natural and forced cooling

conditions for various scanning speed and laser power, respectively. The bend angle is

enhanced with the worksheet width for all the sets of scanning speed and laser power

and in both the cooling conditions. The higher width of the worksheet provides more

cooler region, which restricts the thermal expansion, resulting in higher compressive

stresses in the heating zone that lead to higher bend angle (Shi et al., 2011).
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Figure 6-4. The variation in bend angle with worksheet width for both the cooling
conditions at various (a) laser powers and (b) scanning speeds
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Figure 6-5. The variation in bend angle with flow rate for both the cooling conditions
at various (a) laser powers and (b) scanning speeds

The effect of the water flow rate for various scanning speed and laser power are shown
in Figure 6-5(a) and (b), respectively. The bend angle is increased with the flow rate
moving from 0 (natural cooling) to 0.5 L/min. However, it decreases while further
increasing the flow rate. A drastic increment is observed at high laser power and low
scanning speed. The increment rate reduces with an increasing scanning speed and with
a decreasing laser power. In natural cooling conditions (0 L/min flow rate), the bend
angle increases with scanning speed and reduces with laser power. In contrast, in forced
cooling condition, the trend gets reversed irrespective of the flow rate. It may be because
the temperature gradient reduces with a decrease in scan speed and an increase in laser
power, which is significantly enhanced by forced cooling. Although, A higher flow rate
of water during forced cooling leads to excessive heat loss resulting in a reduced bend

angle.
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Figure 6-6. Bend angle per scan at constant laser power of 850 W and different
scanning speed of (a) 600 mm/min, (b) 2000 mm/min, (c¢) 1400 mm/min and (d) 1800
mm/min

The bend angle variation with the number of scans in both cooling conditions at different
scanning speeds is shown in Figure 6-6. At low scanning speed, the bend angle per scan
decreases with an increase in the number of scans for natural cooling condition. On the
contrary, in the forced cooling condition, it increases, although the rate of increment
decreases with the number of scans, as shown in Figure 6-6(a). A similar pattern is
observed at 1000 mm/min scan speed (Figure 6-6(b)) however, the rate of decrement in
natural cooling and rate of increment in forced cooling are reduced. The further
increment in scanning speed results in a nearly constant bend angle per scan, as shown
in Figure 6-6(c) & (d). At lower scanning speed, the temperature gradient is reduced in
each subsequent scan for natural cooling condition, whereas forced cooling increases it.
The increment in scanning speed raises the temperature gradient, but it also reduces the

available energy, and forced cooling further reduces it. Further increment in the
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scanning speed results in the reduction of absorbed energy due to less laser and
worksheet interaction time, however it increases the temperature gradient. Both these

factors counter each other and result in an almost constant bend angle with scan number.
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Figure 6-7. Bend angle per scan at a constant scanning speed of 1000 mm/min and
different laser power of (a) 550 W, (b) 700 W, (c) 850 W, and (d) 1000 W

The bend angle in each scan is almost same for every scan at low laser powers for both
natural and forced cooling conditions (Figure 6-7(a)). It starts to decrease with an
increment in power for natural cooling condition, whereas for the forced cooling
condition it increases (Figure 6-7(b), (c), & (d)). It may be because, at low laser power,
the energy supplied is less which continuously rises with the number of scans, leading
to more deformation. Simultaneously, the temperature gradient reduces with the number
of scans. In contrast, the energy available rises with laser power, and the temperature
gradient reduces with the number of scans in natural cooling conditions. In forced

cooling condition, the temperature gradient is higher and the available energy rises with
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the number of scans at high power, which leads to lower flow strength and increases
bend angle.

6.1.2. Microstructural Analysis

Duplex stainless steel has two phases i.e., hard ferrite phase and soft austenite phase and
it is discussed in introduction that percentage of these phases are important in
determining the properties. It is recommended to maintain almost equal proportions of
these phases to achieve better properties and in general, austenite phase content less than
25% is unacceptable (Hsieh et al., 2001). It is observed from the literature that Nitrogen
content and cooling rate are two influential parameters which effect the phase
formations thereby properties (Liou et al., 2002). Above 1350°C the whole material
converts into complete ferrite phase and during the cooling stage austenite forms at the
grain boundaries thereby growing and forming austenite rich grains. Nitrogen needs to
be available to form the rich austenite formation as nitrogen is a strong austenite
stabilizer (Hsieh et al., 2001). In case of high cooling rate, the available nitrogen forms
chromium rich nitrides CroN/CrN precipitates which are preferential sites for pitting

corrosion in duplex steel (Hsieh et al., 2001; Liou et al., 2002).

Table 6-1.Set of process parameters and their calculated line energies

S. Laser Scanning Cooling Nomenclature Line
No. | Power (W) speed condition energy
(mm/min) (J/mm)
1 550 1000 Natural N550_1000 33
2 700 600 Natural N700_600 70
3 700 1800 Natural N700_1800 23
4 1000 1000 Natural N1000_1000 60
5 550 1000 Forced F550_1000 33
6 700 600 Forced F700_600 70
7 700 1800 Forced F700_1800 23
8 1000 1000 Forced F1000_1000 60

There are different ways to decrease the cooling rate like increasing the laser power or
decreasing the scanning speed. In the current work, along with the chosen cooling type
i.e., forced cooling / natural cooling other process parameters like laser power and scan
speed can also affect the cooling rate. The process parameters combinations for which
metallurgical and mechanical investigation conducted are given in Table 6-1 along with

their nomenclatures and respective line energies. The objective of this section is to



explain the major microstructural changes occurred in the sample. The samples
explained in this section are chosen based on the line energies and cooling conditions.

Among the parameters of natural cooling condition, N700_600 have highest line energy
which would result in availability of high amount of heat and slowest cooling rate.
Figure 6-8(a). shows the microstructure of as received base material which reveals the
austenite and ferrite phases identified after etching. Figure 6-8(b) shows the
microstructure for the N700_600 bent sample, where it can be observed that
Widmanstatten austenite (WA) is formed at the HAZ zone and long elongated austenite
in the rest of the scanned area. The WA usually forms from the grain boundary austenite
(GBA), which later transforms to austenite (Yang et al., 2011), these GBA, WA and
austenite formed from the cooling are known as reformed austenite. The extent of WA
in the HAZ is very limited, this indicates that the cooling rate in this condition is enough
to form the complete reformed austenite formation. Figure 6-8(c) shows the optical
microscopic images for N550_1000 where it showed the indications of WA and ferrite
phase with fine grains. The results are in line with the findings of Lacerda et al. (De
Lacerda et al., 2015) where they have observed fine ferrite grains with WA with
different cooling conditions. This is due to the higher cooling rate in the form of scan
speed and lowest laser power (as already mentioned that high power induces slow
cooling rate and vice versa) and fine grains are related to sudden cooling and heating of
different scans. In Forced cooling condition, F700_1800 which is having a line energy
of 23 J/mm have the highest cooling rate in the form of both scan speed and forced
cooling from the bottom. Figure 6-8(d) shows the OM image of HAZ and scan area
where in the HAZ austenite can be seen and in the scanned area fine ferrite grains are
visible owing to the highest cooling rate. Figure 6-8(¢) shows the OM images for
F550 1000 where it showed the indications of WA and evenly distributed austenite
phase in the scan area. This is due to the higher cooling rate in the form of scan speed,
lowest laser power and applied forced cooling which limits the extend of temperature
raise in HAZ and other places. The EDS image of N700_600 and F700_1800 are shown
in Figure 6-9(a) & (b) highlights the distribution of Nitrogen in the scanned area in the
bent samples. As it is discussed that nitrogen plays important role in determining the
phase fraction and formation of Cr/N based precipitates, it is observed that in N700_600
sample, Nitrogen is more distributed in the scanned area when compared to

accumulation happened in F700_1800. This highlights the effect of cooling rate on the



distribution of Nitrogen. This accumulation will lead to the more formation of Cr/N
precipitates and less formation of austenite which observed in the OM images as well
(Figure 6-8(d)).
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Figure 6-8. Optical & SEM images of selected samples (a) Base material (b)
N700_600 (c) N550_1000 (d) F700_1800 (e) F550_1000
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Figure 6-9. EDS mapping and elemental distribution of (a) N700_600 (b) F700_1800

The changes in the cooling rate which results in change in austenite-ferrite phase
formation can be observed from XRD plots as well. XRD plots of selected samples are
shown in Figure 6-10, where different phases are identified and matched. Among the
samples N550_1000 and F550_1000, high cooling rate and low power is associated in
F550_1000. This resulted in lower ferrite content in F550 1000 compared with the
ferrite content in N550_1000. This can be observed from the peak ratio change at 43.5°
and 45.3° which corresponds to austenite and ferrite phases. The same can be inferred
for the samples F1000_ 1000 and N1000_1000 where austenite peaks at 50° is more

dominating in N1000_1000 owing to the slow cooling rate which results in more

austenite formation.
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Figure 6-10. XRD plot of samples with different conditions
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6.1.3. Mechanical Analysis

Hardness of the bent samples are shown in the Figure 6-11(a). Among all the samples,
highest hardness is achieved for F700_1800 owing to the high cooling rate in the form
of scan speed as well as forced cooling. This condition should allow to form mostly
ferrite with fine grains and Cr/N precipitates as observed in Figure 6-8(d) & 12 (b). The
lowest hardness achieved is for N700_600 which is having highest line energy and
slowest cooling rate which favors the formation of complete recovery of reformed
austenite (Figure 6-9(a)). Among the forced cooling and natural cooling conditions,
forced cooling samples exhibited higher hardness in all cases except 500_1000, where
N550_1000 exhibited better hardness than the F550_1000. The cooling rate in natural
cooling is well enough for the grain formation owing to the less heat while compared
with F550 1000 where the laser power used is low and already accompanied with forced
cooling thereby limiting the extend of heat transfer. XRD phase analysis of comparison
of these samples also indicates the same where the austenite peak at 43° is high when
compared with the respective peaks of any other sample. This could be the reason for

the drop in hardness as austenite is soft in nature.

The stress-strain plots for the bent samples are shown in Figure 6-11(b). The trend
observed in hardness is related to cooling rate which facilitates the formation of soft
austenite phase, the same can be observed in tensile test as well. The bent samples have
exhibited higher tensile strength, high yield strength and lower fracture strain when
compared with the base material. Among the samples, N700_600 which has lowest
hardness owing to the high austenite fraction have exhibited highest fracture strain
among all the samples. F550 1000 and N700_1800 which have high hardness in their
respective sets has showed lower fracture strain. This reduced fracture strain can be
attributed to the increase in ferrite content which reduces the ability to accommodate
deformation (Odermatt et al., 2021b). Similar kind of findings were observed from
Lacerda et al. (De Lacerda et al., 2015) work, where the samples with fine grain size

and high ferrite exhibited low yield strength and low ultimate tensile strength.
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Figure 6-11. Mechanical analysis of bent samples (a) hardness (b) tensile strength
6.1.4. Corrosion Analysis

It is reported in the literature that effect of austenite and ferrite phase percentage on the
corrosion resistance is important in deciding the pitting potential and corrosion
resistance (Liou et al., 2002). As it is already discussed that cooling rate and nitrogen
content highly effects the formation of Cr rich nitrides which are the preferential sites
for the pitting corrosion in duplex steels. On the other side, reformed austenite formed
from high heat input will result in increasing the pitting potential (Liou et al., 2002).

Potentiodynamic plots for the bent samples and base sample are shown in Figure 6-12(a)

().
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Figure 6-12. Potentiodynamic polarization plots of (a) base material (b) N550 1000
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Table 6-2. Electro chemical corrosion results in 3.5% NaCl medium
Material OCP (V) Ecorr (V) lcorr (A/cm?) Epitt (V)
Base material -0.120 -0.285 0.92 E-6 0.11
F550_1000 -0.259 -0.341 1.48 E-6 -0.18
F700_600 -0.294 -0.361 1.13 E-6 -0.11
F700_1800 -0.162 -0.314 1.15E-6 -0.16
F1000_1000 -0.267 -0.356 1.78 E-6 -0.16
N550_1000 -0.176 -0.324 1.12 E-6 -0.07
N700_600 -0.260 -0.337 1.15E-6 -0.11
N700_1800 -0.278 -0.348 1.36 E-6 -0.07
N1000_1000 -0.132 -0.266 0.81E-6 -0.02




Ecorr IS the indication for the corrosion initiation which can be observed from the
cathodic to anodic transition, lcorr iS the corrosion resistance of the material calculated
from the slope of cathodic to anodic transition, Epit is the initiation of the pitting which
can be observed from the sudden increase in the current density after a passivation layer.
Passivation layer indicates the formation of strong oxide layer on the working electrode
upon reacting with the corrosion medium which stops the further corrosion. The lcor,
Ecorr and Epi are summarized in the Table 6-2Table 6-2. Electro chemical corrosion
results in 3.5% NaCl medium. From corrosion results showed in Table 6-2, it can be
understood that Icorr for all the samples lies between 0.9 pA/cm? to 1.7 pA/cm?, among
which N1000_1000 has exhibited highest corrosion resistance (lower the lcorr the higher
the corrosion resistance). There observed a change in pitting potential and the
passivation current among the samples. Natural cooled samples have showed higher Epit
-0.03V except for N550_1000 sample which Epit is -0.18V. All Force cooled samples
have showed an early-stage pitting between -0.1 to -0.18 V which can be attributed to
the rich chromium nitride precipitates. The results of Epix are in line with the hardness
and literature related to effect of cooling rate (Liou et al., 2002; Silva et al., 2021). The
Epitt Of the bent samples got decreased when compared with the Epir of the base sample
(0.08V) however the metastable pitting is less and the passivation formation after the
pitting is observed in all the bent samples. The passive layer is an indication for the
formation of protective oxide layer which further stops the corrosion attack. From
Figure 6-10 the extra peaks formed in the N1000_1000 sample after the corrosion when
compared with the as bent sample which is an indication for oxide formation during
corrosion. The EDS analysis of N1000_1000 corroded sample is shown in Figure 6-13
shows a corroded portion in HAZ section with elemental distribution which indicating
the oxygen and chromium distribution overlap, which may indicate the formation

chromium oxide after reacting with the corrosion medium.



Figure 6-13. EDS mapping and elemental distribution of N1000_1000 after corrosion
test

6.2. Multi-Scan Forced Cooling assisted Laser Bending at Low Line

Energy

This study investigated the effect of different cooling conditions on multi-scan laser
bending at low line energy parameter range. The temperature distribution, bend angle,
heat affected zone, time required between the consecutive scans, tensile behaviour,
hardness, and microstructure were analyzed experimentally for all cooling conditions

with varying line energy.
6.2.1. Input Parameters

In this paper, the experiments are conducted for three different cooling conditions, as
mentioned in Table 6-3. The experiments are performed with these three cooling
conditions at a range of line energy (LE = 10 — 25 J/mm), laser power (P = 250 — 1000
W), and a laser beam of 4 mm diameter. The beam diameter of a defocused laser beam
is controlled by adjusting the distance between the focal point of the focusing lens and
the worksheet surface (Goyal et al., 2022b; Ravi Kant and Joshi, 2016a). Line energy is
the energy supplied to the per unit length, and it is calculated by taking the ratio of laser
power to scanning speed. The range of the scanning speed used in this study is 600 to
6000 mm/min. The scanning speed taken with different sets of laser power and line

energy is shown in Table 6-4.
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Table 6-3. Notation used for three different cooling conditions

Notation Cooling condition

CC1 Natural cooling, idle time of 2 s between subsequent scans

CC2 Natural cooling, idle time between subsequent scans until the maximum
temperature at the top surface reaches below 50 °C

CC3 Forced water cooling at the bottom surface during irradiation and idle

time, idle time of 2 s between consecutive scans

Table 6-4. Scanning speed for different sets of laser power and line energy

P =250 W P =500 W P=750 W P =1000 W
LE =10 J/mm | 1500 mm/min | 3000 mm/min | 4500 mm/min | 6000 mm/min
LE =15 J/mm | 1000 mm/min | 2000 mm/min | 3000 mm/min | 4000 mm/min
LE =20 J/mm 750 mm/min | 1500 mm/min | 2250 mm/min | 3000 mm/min
LE =25 J/mm 600 mm/min | 1200 mm/min | 1800 mm/min | 2400 mm/min

6.2.2. Temperature analysis

Figure 6-14 (a-c) shows Tayg. in each scan for different cooling conditions at various
power at 10 JJmm LE. Unexpectedly, the maximum temperature is obtained during the
first scan which is because of higher absorptivity in the first scan due to graphite coating.
The temperature is maximum for the lowest laser power and decreases with an increase
in laser power. It may be due to constant line energy where a lower laser power leads to
a slower scanning speed that leads to a longer interaction time between the laser and the
worksheet. The maximum temperature is found to be decreased with number of scans
at low laser powers. Whereas at higher laser powers, the temperature decreases for initial
scans and increases marginally in later scans. Similar trends are observed at different
line energies, as shown in Figure 6-15, Figure 6-16, andFigure 6-17. It is because of
decrease in the absorptivity as a result of degradation of graphite coating in the irradiated
region (Edwardson et al., 2010b). At higher laser powers, the coating degradation is
excessive, and the coating degrades completely in the initial scans. After that, the surface
condition is almost similar for further scans, and preheating during the subsequent scans
increases the temperature. In CC1, continuous decrement is observed at 250 W laser
power only, whereas in CC2 & CCa3, it is also observed at 500 W (shown in Figure 6-14
and Figure 6-15). It is due to longer cooling time and high heat transfer rate in CC2 &
CC3, respectively. It reduces the maximum temperature and leads to the less coating
degradation.
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The temperature decreases with the increase in laser power for initial scans, and after
that the peak temperature is obtained for 500 W laser power in CC1 (Figure 6-14(a)).
Whereas in CC2, at 500 W laser power, the temperature continuously decreases, and the
peak temperature is observed for 1000 W for later scans (Figure 6-14(b)). Similarly, the
maximum temperature is achieved at 750 W laser power in CC3, as shown in Figure
6-14(c). These maximum temperature peaks shift towards low laser powers with an
increase in line energy. Figure 6-15(b) & (c) shows, the maximum temperatures
obtained at 750 W and 500 W laser powers in CC2 and CC3, respectively. At line
energies 20 and 25 J/mm, except first scan, the peak is observed for 500 W laser power
for all cooling conditions, as shown in Figure 6-16 and Figure 6-17. It is because the
temperature generation depends on the absorptivity, and on the combination of scanning
speed, and laser power. Absorptivity shows its dominance in initial scans due to which
temperature is higher in initial scans. After the first scan, at low line energies, laser
power dominates because of higher scanning speed. In contrast, at higher line energies
the scanning speed is relatively low which becomes a dominating factor for temperature
generation because of more interaction time of the laser beam and the worksheet. Due
to this at low line energies, the peak temperature is observed at higher laser powers, and

with an increase in line energy it shifts towards lower laser powers or scanning speeds.

Figure 6-18 shows the temperature distribution in lateral direction to the scan line in all
three cooling conditions. The temperature distribution is drawn by taking one
observation point at the center of the scan line and five other points on each side of the
scan line for temperature measurement, as shown in Figure 6-18(a). Figure 6-18(b)
shows the temperature distribution in the lateral direction during the first scan. The
temperature in lateral direction is observed to follow the Gaussian distribution in all
three conditions. During the first scan, the temperature is found to be in the same range
for all three cooling conditions because of the burning of the graphite coating. In the
third scan, the maximum temperature is found to be decreased compared to the first scan
for all cooling conditions due to the burnt-out of coating, as shown in Figure 6-18(c).
Furthermore, at the center of the scan line (upto 1 mm), the temperature is not varied
significantly in different cooling conditions. Whereas moving away from the center line,
it is observed to be significantly higher in CC1 than rest two conditions. It is because of
the high heat conduction in lateral direction in CC1 in comparison to CC2 and CC3,

where the heat losses are enhanced due to longer cooling time and higher convection



rate, respectively. Furthermore, the temperature in CC2 is significantly higher than the
CC3. As the heat losses are higher in forced water cooling than natural cooling. Figure
6-18(d) shows the temperature distribution during the fifth scan, which is similar to the
third scan. However, the temperature difference between CC1 and other two conditions
is increased because of continuous retaining of heat during multi-scans in CC1.
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Figure 6-18. Temperature distribution in lateral direction to the scan line at 25 J/mm
line energy and 750 W laser power: (a) Observation points considered for temperature
measurement and temperature distribution in (b) First scan (c) Third scan and (d) Fifth

scan for all three cooling conditions

Figure 6-19 shows the temperature distribution at the top surface along the scan line.
The temperature profile is formed by taking the temperature of different points along
the scan line as shown in Figure 6-19(a). The temperature profile shows that the
temperature is marginally increased along the scan line except at the extreme ends of
the sheet (Figure 6-19(b) & (c)). It is because of the preheating of the worksheet due to
thermal conduction. At the start of the scan line, the temperature is significantly low as
there is no preheating. Whereas, at the end of the scan line a sharp rise in temperature is

observed, which is due to the formation of heat sink effect as a result of unavailability
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of material ahead. It is also found that during the first scan (Figure 6-19(b)) the
temperature in CC1 and CC2 is almost the same and higher than in CC3, although the
difference is limited upto 10%. A similar trend is observed during the fifth scan,

although the temperature is found to be reduced in all cooling conditions in comparison

to the first scan.
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Figure 6-19. Temperature distribution along the scan line at 25 J/mm line energy and
750 W laser power: (a) Observation points considered for temperature measurement
and temperature distribution during (b) First scan and (c) fifth scan for all three
cooling conditions

6.2.3. Bend angle analysis

The variation of bend angle with the number of scans at different line energies and laser
power for all three cooling conditions are discussed in this section. Figure 6-20 to Figure
6-23 show the bend angle increment in each scan at various power and cooling
conditions. The bend angle in each scan is found to be decreased with the number of
scans, as shown in Figure 6-20. It is because of the graphite coating degradation, strain
hardening, and section thickening in the worksheet (Edwardson et al., 2010b, 2006).
The rate of decrement in bend angle per scan is higher in CC2. It is because, along with
the coating degradation, the long cooling time between the scans further decreases the
available energy. However, for CC3, the bend angle initially decreases upto 2" or 3™
scan and then it increases marginally with the number of scans (Figure 6-20(c)). It may
be because the forced cooling at the bottom surface increases the temperature gradient.
Figure 6-21, Figure 6-22 and Figure 6-23 show that the bend angle per scan increases
with the increase in line energy because, at higher line energies, the scanning speed is
low, leading to longer interaction time between the laser and worksheet. At 25 J/mm
line energy, in CC1, it is found that the bend angle per scan is nearly constant with the
number of scans at higher laser powers (Figure 6-23(a)). In contrast, it increases up to
the second scan and then decreases in CC2 & CC3, as shown in Figure 6-23(b & c). In



CC1, due to longer interaction time, the temperature gradient and flow strength of the
workpiece material decrease. Whereas, in CC2 and CC3, although the temperature
gradient can be maintained by providing longer cooling time and forced cooling,
respectively but it decreases the available energy for deformation.

It is also observed in Figure 6-20 - Figure 6-23 that at 250 W laser power, the bend angle
generated in the first scan in forced cooling condition (CC3) is higher than other two
cases. It is because at lower laser power, the scanning speed is also lower, which reduces
the temperature gradient in the first two cases but in CC3, the forced cooling helps in
increasing the temperature gradient. Whereas, at higher laser powers, a larger bend angle
is achieved in CC1 due to convection loss and less interaction time. In CC1, heat
retained from the previous scans, increases the temperature and results in the decrease
in flow strength at higher number of scans. Whereas, in CC2 & CC3, a negligible heat
is carried from the previous scans, leading to a continuous decrease in bend angle.
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Figure 6-20. Bend angle achieved in each scan at various power and particular line
energy of 10 J/mm for (a) CC1 (b) CC2 (c) CC3
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Figure 6-21. Bend angle achieved in each scan at various power and particular line
energy of 15 J/mm for (a) CC1 (b) CC2 (c) CC3
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Figure 6-22. Bend angle achieved in each scan at various power and particular line
energy of 20 J/mm for (a) CC1 (b) CC2 (c) CC3
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Figure 6-23. Bend angle achieved in each scan at various power and particular line
energy of 25 J/mm for (a) CC1 (b) CC2 (c) CC3

Figure 6-24 presents the influence of laser power on the final bend angle achieved after

five scans at various LE and cooling conditions. The variation of bend angle with laser

power is almost similar in each condition. The bend angle drastically increases with

laser power, attains a peak, and then decreases. The initial drastic increase is because

the scanning speed increases with an increase in laser power to maintain the constant

line energy, leading to a high temperature gradient. Further increase in laser power

results into a higher temperature gradient, but the laser-worksheet interaction time is

decreased. As soon as the latter one starts dominating, the bend angle decreases at higher

laser power. In all three cooling conditions, the bend angle is observed to be increased

with an increase in line energy at each laser power.
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Table 6-5. Bend angle after five scans and percentage change in bend angle for
different cooling conditions

Line Laser Bend Angle Percentage Percentage
Energy |Power | CC1l | CC2 | CC3 | changein CC2 | changein CC3

w.r.t. CC1 w.r.t. CC1
10 250 | 1.10 | 051 | 0.81 -53.08 -25.83
10 500 285 | 2.19 2.34 -22.92 -17.89
10 750 3.32 | 246 2.67 -26.03 -19.61
10 1000 | 3.02 | 2.82 2.59 -6.73 -14.44
15 250 237 | 1.62 1.92 -31.84 -19.14
15 500 6.03 | 5.06 5.50 -16.15 -8.81
15 750 6.36 | 5.88 5.85 -1.52 -71.95
15 1000 | 5.83 | 5.68 5.01 -2.53 -14.06
20 250 3.81 | 2.56 3.45 -32.76 -9.57
20 500 8.75 | 7.57 8.23 -13.55 -5.94
20 750 8.96 | 8.73 8.22 -2.63 -8.26
20 1000 | 8.19 | 8.08 7.52 -1.30 -8.18
25 250 5.31 | 4.08 4.80 -23.06 -9.48
25 500 | 10.86 | 9.85 | 10.72 -9.32 -1.23
25 750 | 11.15 | 10.80 | 10.67 -3.14 -4.24
25 1000 | 10.57 | 10.81 | 9.72 2.24 -8.10

Table 6-5 shows the final bend angle after five scans and the percentage change in bend
angle in different cooling conditions. The bend angle achieved in CC1 is larger than the

other two cases. The line energy used in this study is low, and CC2 & CC3 further
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reduce the available energy. Although, at high laser power, the bend angle achieved in
CC2 is almost equal to CC1. Due to higher scanning speed, the temperature gradient is
increased in CC2, whereas in CC1, it is lower because of the heat retained from previous
scans. Similarly, in CC3, the bend angle at high line energy and low laser powers is
comparable to CC1, and it is higher than CC2. At high line energy and low laser powers,
the scanning speed is low, reducing the temperature gradient in former cases, but in
CC3, forced cooling at the bottom surface helps to maintain the higher temperature
gradient. It is also observed that at lower line energies, the bend angle in CC2 & CC3 is
lower than the CC1, because of the significant loss of energy as compared to the energy
supplied in CC2 & CCa3.

6.2.4. Mechanical and metallurgical analysis

Figure 6-25 shows the heat-affected zone (HAZ) at the top and bottom surfaces and at
the cross-section of the worksheet for all three cooling conditions. The HAZ is measured
by image processing software by taking the reference from worksheet dimensions. It is
observed that the HAZ at top surface is reduced by 8.06% in CC2 and by 18.72% in
CC3 in comparison to CC1. Furthermore, at the bottom surface, it is reduced
significantly in CC2 (38.86%), and it becomes negligible in CC3 as compared to CC1.
Similarly, the HAZ at cross-section is reduced by 26.17% and 41.5% in CC2 and CC3,
respectively. It is because the cooling reduces the bulk heating of the worksheet. So, the
cooling reduces the HAZ without any significant change in bend angle. Although the
bend angle is comparable in both CC2 & CC3, the heat-affected zone is smaller in CC3,
and the production time is also lesser in CC3. The average time required between two
consecutive scans is 160 s in CC2, whereas in CC3, itis 2 s.
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Figure 6-25. HAZ at (a) top surface (b) bottom surface and (c) cross-section of the
worksheet in all three cooling conditions at 1000 W power and 25 J/mm LE

(b)

Figure 6-26. Initial and final condition of tensile test specimens (a) along (b)
perpendicular to the scan line
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Figure 6-27. Tensile strength and breaking strain along the scanned direction at 750 W
power and (a) 10 J/mm (b) 25 J/mm LE

The mechanical properties of the worksheet are analyzed to observe the post-bending
effect in all three cooling conditions. The tensile strength is measured along the scan
line and perpendicular to the scan line. The specimens used for the micro tensile testing
before and after the test are shown in Figure 6-26. The results show that the tensile
strength increases and breaking strain decreases in both orientations for all three cooling
conditions in comparison with the base material. It may be due to the strain hardening,
grain refinement and formation of sigma precipitation. Figure 6-27 shows the variation
of tensile strength and breaking strain along the scan line in all cooling conditions. It is
observed that while scanning at both 10 JJmm and 25 J/mm line energy the maximum
tensile strength is observed in CC2. It may be due to the longer cooling time led to as
multiple heat treatment in CC2 whereas in CC1 it is like continuous heating upto five
scans and in CC3, the lower heating leads to less deformation which results in lower
strain hardening. Wang et. al also reported that strain hardening exponent and hardening
capacity increases with an increase in temperature due to increase in difference between
ultimate tensile strength and yield strength (Wang et al., 2014). It is also observed that
at 10 JJmm the minimum tensile strength out of three cooling conditions is observed in
CC3 whereas at 25 JJmm it is in CC1. It may be because at low line energy the heating
is quite less in CC3 whereas at high line energy the heating is more and forced cooling
led to as multiple heat treatment. Figure 6-28 shows the variation of tensile strength and
breaking strain perpendicular the scan line in all cooling conditions. At 10 JJmm LE
(Figure 6-28(a)), the tensile strength is maximum in CC1 and minimum in CC3, whereas
at 25 J/mm (Figure 6-28(b)) it is maximum in CC3 and minimum in CC1. It may be
because in CC1 the heat affected zone is larger which shows that the more area along

the gauge length of the tensile test specimen is heat treated whereas in CC2 and CC3 it
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is smaller, specially at low line energy. Whereas at high line energies higher heat input
and higher cooling rate lead to multiple heat treatment in CC2 and CC3.
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Figure 6-28.Tensile strength and breaking strain perpendicular to the scanned direction
at 1000 W power and (a) 10 J/mm (b) 25 J/mm LE
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It is also observed that at 10 J/mm, the breaking strain is maximum in CC2, however in
CC1, and CC3 it is almost equal (Figure 6-27(a)). Whereas, at 25 J/Jmm, breaking strain
is maximum in CC3 and minimum in CC2 (Figure 6-27(b)). It may because of the
quenching effect in CC3. It is also observed that breaking strain is maximum in CC2
and minimum in CC3 (Figure 6-28(a) & (b)). It is due to the quenching effect and
generation of sigma phase, which is brittle in nature. The higher cooling rate increases
the formation of sigma phase (Oh et al., 2013).
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Figure 6-29. Hardness within the scanned region at (a) top surface, (b) bottom surface
for different cooling conditions at 15 J/mm line energy, and 1000 W laser power
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Figure 6-30. Phase analysis of the (a) initial worksheet, and scanned area of the top
surface for (b) CC1, (c) CC2, and (d) CC3 at 15 J/mm line energy and 1000 W laser
power
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Figure 6-31. Grain size analysis of the (a) initial worksheet, and scanned area of the
top surface for (b) CC1 (c) CC2 and (d) CC3 at 15 J/mm line energy and 1000 W laser
power

(b)
Figure 6-32. Microstructure of the bottom surface in (a) CC1 (b) CC2 (c) CC3 at 15
J/mm line energy and 1000 W laser power

Figure 6-29 shows the hardness in the scanned region on top and bottom surfaces for all
three cooling conditions at 15 J/Jmm line energy and 1000 W laser power. The hardness
in the scanned region is found to be increased significantly in CC1 and CC3, whereas
in CC2, it is marginal. The properties of duplex stainless steel depend on the
combination of ferrite and austenite phases (Stainless, 2014). These phases are identified

by etching the specimen with Beraha’s solution during microstructural analysis. This
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solution reacts with the ferrite and makes it dark, whereas austenite remains brighter
(Varbai et al., 2018; Varbai and Majlinger, 2019). It can be observed from Figure 6-30
(a) and (c) that the microstructure of CC2 is quite similar to that of the base material,
although the percentage of ferrite content is found to be increased. It may be the possible
reason for marginal increase in hardness. In case of CC1, the major portion of the
microstructure is ferrite, whereas austenite is present at the grain boundaries of the
ferrite matrix with small grains. Similar observations are also reported by Odermatt et
al. (Odermatt et al., 2021a), where it is observed that the microstructure of melt is fully
ferrite, and during cooling the austenite formation starts at the grain boundaries of
ferrite. The limited melting and rapid cooling may lead to a relatively higher percentage
of austenite in CC3. The average grain sizes of Base, CC1, CC2, and CC3 are 6.6 um,
6.1 um, 4.1 um, and 3.7 um, respectively, as shown in Figure 6-31. The fine grain
structure of CC1 and CC3 may also be the possible reason for higher hardness. The
hardness at the bottom surface in the scanned region increases marginally for CC1 and
CC2, whereas it is increased significantly for CC3. It may be due to the formation of
sigma (o) precipitation at the bottom surface shown in Figure 6-32 (a), (b), and (c) (Dos
Santos and Magnabosco, 2016). In CC3, the formation of sigma precipitation is
dominated because of the higher cooling rate (Oh et al., 2013). The sigma phase is not
found at the top surface because it forms in the temperature range of 500 °C to 850 °C
(Petrovic et al., 2012) (Tehovnik et al., 2016).

6.3. Summary

This chapter focused on investigating the potential of forced cooling assisted laser
bending with multiple laser irradiations. The chapter comprised two comprehensive
studies, each exploring the process at different parameter ranges to gain a thorough

understanding of the phenomenon.

The first study is focused on enhancing the bend angle of the duplex stainless steel sheet
by using forced cooling at the lower surface during the laser bending process. The
experiments are conducted for various sets of process conditions in both natural and
forced cooling conditions. The influence of different factors, i.e., scan speed, laser
power, sheet thickness, worksheet width, beam diameter, and the number of scans, are
analyzed in natural and forced cooling conditions. The post-bending effect on

mechanical, metallurgical, and corrosion properties are investigated.



e The results showed that the bend angle was enhanced upto 427% due to forced
cooling, and it was also affected by the cooling flow rate. The effect of process
parameters also exhibited different trends under forced cooling compared to

natural cooling.

e Surprisingly, contrary to the literature, the bend angle per scan increased with an
increase in the number of scans. Even though the maximum bend angle per scan
of 5.8° and 6.8° for 2 mm and 1.5 mm thickness sheets were observed in the fifth

scan.

e From the microstructural analysis, it is understood that the cooling rate
significantly affects the formation of the austenite phase. The samples with high
cooling rate resulted in higher mechanical properties like hardness owing to the
high ferrite content. High ferrite content resulted in low fracture strain whereas

higher austenite samples have shown fracture strain similar to base material.

e XRD analysis confirmed the variation of austenite and ferrite phases and EDS
analysis confirmed the accumulation of Nitrogen in forced cooling conditions.
Electrochemical analysis of the bent samples in 3.5% NaCl showed that pitting
potential in the forced cooled samples decreased by -0.1 V however the
passivation layer is observed in all the samples which should help in stopping

further corrosion.

In the second study, the effect of different cooling conditions on multi-scan laser
bending at low line energy parameters were investigated. The study analyzed the
temperature distribution, bend angle, heat affected zone, time between consecutive
scans, tensile behavior, hardness, and microstructure under different cooling conditions.
Experiments were conducted with three cooling conditions (natural cooling with idle
time, natural cooling with temperature control, and forced water cooling) and varying

line energy and laser power. The overall conclusions of the study are as follows:

e The average maximum temperature (Tavg.) along the scanning line was observed
to be decreased during initial scans and becomes stable during further
subsequent scans. It was found to be decreased with an increase in laser power

at a constant line energy.



e The temperature in lateral direction to the scan line followed the gaussian
distribution. The temperature in all three conditions was almost similar within 1
mm of center of the scan line. While moving away from the center the
temperature was found in the order of CC1 > CC2 > CC3.

e The temperature distribution along the scan line showed that the temperature
was minimum at the start of the scan then it marginally increased moving with

the scan line and a large increment was found at the end of the scan line

e In-general, the bend angle per scan was found to be decreased with the number
of scans in all three cooling conditions. Although in some cases, it was observed
to be increased or constant after 3 scans.

e Itwas observed that the bend angle initially increased with laser power, and then

decreased after attaining a peak, whereas, it increased with line energy.

e The bend angle achieved in CC1 was slightly higher than the other two cases at
low line energies whereas at higher line energies and low laser power it was
almost equal in CC1 and CC3. So, the laser parameters played an important role

along with cooling condition.

e The HAZ was observed to be reduced in CC2, compared to the CC1.However,

negligible HAZ was observed in CC3 compared to the other two conditions.

e The tensile strength was found to be enhanced and ductility was observed to be
decreased for all cooling conditions. The hardness at top and bottom surfaces
was improved in all three cooling conditions, but a significant change was
observed in CC3.

e The microstructure of top and bottom surfaces in all three-cooling conditions
showed that ferrite percentage increased in CC1 and CC2, and grain refinement

occurred in CC1 and CC3. Sigma precipitation was formed at the bottom surface.

The chapter concludes that the forced cooling significantly enhanced bend angle at high
line energies, without compromising material properties. Although, at low line energies,
the bend angle is not significantly influenced by the cooling condition. However, the

HAZ, waiting time between the successive scans and the number of scans required for



achieving a required bend angle are reduced in forced cooling condition, which
ultimately reduced the time, cost, energy and material degradation due to excessive
heating. It highlights the competency of this technique for advancing industrial
applications in various sectors, such as microelectronics, aerospace, and marine, where

high deformation with good precision is prime requirement.



CHAPTER 7

CONCLUSION AND FUTURE SCOPE

The primary aim of the present research work was to enhance the capabilities of the

laser bending process by assisting with the forced cooling and investigate the other

performance parameters of the bent specimen. Furthermore, to explore the feasibility of

laser bending of high strength dual phase stainless-steel. The following steps were taken

during the course of the study-

Development of a finite element-based 3D numerical model with experimental

validation for laser bending of duplex stainless steel.

Simulations for single scan laser bending of duplex stainless steel under both
natural and forced cooling conditions. Analyse the effect of various process
parameters for both the cooling conditions. Identify the parametric range for

effective forced cooling during laser bending process.

Experimental feasibility study of forced cooling assisted laser bending with

aluminium alloy.

Development of experimental setup for forced cooling assisted laser bending

with real time bend angle and temperature measurement facility.

Experimental study of single scan forced cooling assisted laser bending of
duplex stainless steel for both natural and forced cooling conditions and pre-
identified parametric range. Analyse the effect of process parameters on bend

angle and examine the post bending effect on material properties.

Experimental study of multi-scan laser bending of duplex stainless steel for both
natural and forced cooling conditions. Analyse the effect of process parameters

on bend angle and examine the post bending effect on material properties.

The important observations and research contributions of the present research work are

summarized in the subsequent sections.



7.1. Conclusions

Duplex (AISI-2205) is a dual-phase stainless steel consisting of ferrite and austenite,
roughly 50% each. Duplex stainless steel is a high-strength (twice the austenite) and
corrosion-resistant material used in marine, chemical, oil, and structure industries. Due
to its high strength and spring back effect the cold forming of the duplex is difficult.
Furthermore, the hot working is also not preferred for duplex-2205 because of the
alteration in the material properties due to change in phase percentage. This study
explored the feasibility of laser bending of duplex stainless steel and also investigated
the post bending effect on material properties.

Literature reports that the applications of the laser bending process in manufacturing
industries is limited due to small bend angle per scan and longer production time during
multiscan laser bending. Although, researchers have attempted to improve the
productivity by applying assisted force, optimizing the process parameters, multiple
irradiations, forced cooling, etc., still, the maximum bend angle achieved by laser
bending is limited to 2 to 3 degrees per scan. Additionally, limited research has been
done on the post-bending effects on microstructure and mechanical properties, whereas,
corrosion behavior has not been explored yet. The present study aims to enhance the
bend angle per scan during laser bending of duplex stainless steel by applying forced
cooling. The study investigates the influence of process parameters on the bend angle
(laser power, beam diameter, scan speed, sheet width and thickness, and flow rate of
cooling water) for both natural and forced cooling conditions. Moreover, the study
comprehensively explores the mechanical properties (hardness and tensile strength),
corrosion behavior, and microstructure of the bent specimen for both natural and forced
cooling conditions. The stepwise contributions of the research work are presented

below.

Pilot Study

e A finite element-based 3D non-linear numerical model was developed with the
incorporation of temperature dependent material and surrounding heat loss by
convection and radiation. Although, some realistic assumptions were also
considered in the model. As laser bending is a thermo-mechanical process, the

developed numerical model was experimentally validated with both thermal (top



surface temperature) and mechanical (bend angle) outcomes. The experimental
results are found to be in good agreement with the numerical results with an

average error of 4.54% and 5.38% in bend angle and temperature respectively.

e Numerical simulations were performed for single-scan laser bending in natural
cooling conditions for a wide range of parameters. The underlying bending
mechanism was explored with the help of temperature and stress-strain
distribution. The effect of line energy, laser power, and scanning speed on bend
angle and edge effect were analysed. The mechanical properties of the bent
specimen compared with the base material and found that the hardness of the
bend specimen increased, and the ductility was reduced, whereas no significant
change was observed in the ultimate strength of the material.

e Numerical simulations were performed for single-scan laser bending in forced
cooling conditions for a wide range of parameters. Ther bend angle results were
compared with that of natural cooling condition. It was found that the forced
cooling significantly increased the bend angle at high line energy parameters and
showed a negative effect at low line energy parameters. The underlying
phenomenon for this variation was investigated by analysing the temperature

and strain distribution during both natural and forced cooling conditions.

e A robust experimental setup was developed, which gave excellent repeatability
in the results. The experimental feasibility of forced cooling assisted laser
bending was explored with an aluminium alloy sheet. The results show that the
temperature of the scanned surface decreases with the number of scans due to
coating degradation for both the conditions. The forced cooling reduces the
coating degradation up to some extent at low laser powers and results in an
increase in temperature. The forced cooling increases the bend angle for most of
the parametric conditions except at low laser power and higher scanning speed.
The material degradation and excessive melting are reduced with the application

of forced cooling condition.

Forced Cooling Assisted Single Scan Laser Bending

¢ An experimental study is conducted on single scan laser bending of duplex-2205

in natural and forced cooling conditions. The effects of worksheet geometry



(thickness and width), laser parameters (scanning speed, beam diameter, and
power) and cooling condition (flow rate) on temperature profile, bend angle,
mechanical and metallurgical properties in natural and forced cooling conditions
were investigated.

The maximum temperature at the upper surface is reduced, and the cooling rate
is increased with the application of forced cooling which reduces the material
degradation.

A significant increment (35.2%) in bend angle was observed with the application
of forced cooling on the bottom surface of the sheet. The process parameter
notably affects the effectiveness of forced cooling. The forced cooling was found
to be more effective at lower scanning speed, intermediate beam diameter, and
higher laser power, irrespective of variation in other parameters. Furthermore,
the bend angle is observed to be higher in forced cooling for lower thickness and
longer width of the worksheet.

The harness and tensile of the bent specimens were found to be improved as
compared to the base material. However, the ductility of the bent specimen was
reduced. Furthermore, the forced cooling assisted laser bent specimen showed
higher strength as compared to the naturally cooled.

The variation in phase distribution is observed at the upper surface in the
scanning region whereas at lower surface the phase distribution is quite similar
to base material except the sigma phase formations at boundaries of ferrite and
austenite.

The process parameters were optimized using pareto analysis and genetic
algorithm in order to achieve higher bend angle with a high rate of bend angle
per line energy given to the worksheet. The optimum parameter was
experimentally validated and the properties of the bent specimen were also
examined.

The optimum parameters were f =0.85 L/mm, P =987.59 W, V = 673.3 mm/min
and D = 7.99 mm. Although, the bend angle achieved by optimum parameters
was only 7.5% higher than the maximum bend angle in initial experiments but

the bend angle per line energy rate is improved by 22.14 %.



e The tensile strength and hardness of the bend specimen at optimum parametric
condition were found to be enhanced at the expense of ductility. That was
because of the rearrangement of phase distribution in the laser irradiation region.

Forced Cooling Assisted Multi-scan Laser Bending

An experimental study on multi-scan laser bending of duplex stainless steel was
performed for both natural and forced cooling conditions. This study was divided into
two sections according to the range of line energy provided to the worksheet for

deformation. The specific contributions of both sections are presented below.

Multi-Scan Forced Cooling Assisted Laser Bending at High Line Enerqgy

e The experiments were conducted for various set of process conditions i.e., scan
speed, laser power, sheet thickness, worksheet width, beam diameter, cooling
water flow rate, and the number of scans in both natural and forced cooling
conditions. The influence of these factors in both the cooling conditions was
analysed. The post-bending effect on mechanical, metallurgical and corrosion

properties was also investigated.

e The forced cooling expensively enhanced the bend angle at high line energy.
The results showed a maximum increment of 427% in the bend angle. The effect
of process parameters also exhibited different trends under forced cooling

compared to natural cooling.

e The bend angle per scan was found to be increased with an increase in the
number of scans in forced cooling whereas the trend was opposite for natural
cooling. Even though, the maximum bend angle per scan of 5.8° and 6.8° for 2
mm and 1.5 mm thickness sheets were observed in the fifth scan which was

around 300% higher than that achieved in natural cooling.

e The microstructural analysis revealed that cooling significantly influenced the
ratio of ferrite and austenite phases in duplex steel. A higher cooling rate resulted
in an increased ferrite content, leading to higher hardness and tensile strength
but reduced ductility. Conversely, a higher percentage of austenite showed

improved ductility.



e XRD analysis confirmed the variation of austenite and ferrite phases, and EDS
analysis confirmed the accumulation of Nitrogen in forced cooling conditions.
Electrochemical analysis of the bent samples in 3.5% NaCl showed that pitting
potential in the forced cooled samples decreased by -0.1 V however, the
passivation layer is observed in all the samples, which should help in stopping

further corrosion.

Multi-Scan Forced Cooling Assisted Laser Bending at Low Line Energy

The effect of different cooling conditions on multi-scan laser bending at low line energy
parameters were investigated. The study analyzed the temperature distribution, bend
angle, heat affected zone, time between consecutive scans, tensile behavior, hardness,
and microstructure under different cooling conditions. Experiments were conducted
with three cooling conditions (natural cooling with idle time, natural cooling with

temperature control, and forced water cooling) and varying line energy and laser power.

e The average maximum temperature (Tavg.) along the scanning line was
observed to be decreased during initial scans and becomes stable during further
subsequent scans. It was found to be decreased with an increase in laser power
at constant line energy. The temperature in the lateral direction to the scan line
followed the Gaussian distribution. The temperature in all three conditions was
almost similar within 1 mm of the centre of the scan line. While moving away
from the centre, the temperature was found in the order of CC1 > CC2 > CC3.
The temperature distribution along the scan line showed that the temperature
was minimum at the start of the scan then it marginally increased moving with

the scan line and a large increment was found at the end of the scan line.

e It was observed that for low line energy parameters, the bend angle achieved in
the forced cooling condition was lower than in the natural cooling condition. The
bend angle was found to increase with laser power and then decrease after

attaining a peak, whereas it increased with line energy.

e The HAZ was observed to be reduced in CC2, compared to CC1. However,

negligible HAZ was observed in CC3 compared to the other two conditions.

e The waiting time between the successive scans and the number of scans required

for achieving a required bend angle was reduced in forced cooling conditions,



which ultimately reduced the time, cost, energy and material degradation due to
excessive heating.

e The tensile strength and hardness (both top and bottom surfaces) of the bent
specimens of all three cooling conditions were improved at the expense of
ductility compared to the base material. Furthermore, the forced cooling
condition exhibits the highest tensile strength and hardness among all three
cooling conditions.

e The microstructure of the bent specimen revealed that the ferrite content
increased, and more refined grain structure was observed in forced cooling

condition.

In conclusion, this research aimed to enhance laser bending capabilities for high-
strength dual-phase stainless steel (duplex-2205) and investigate the post-bending
effects on material properties. Forced cooling was explored to increase bend angles, and
its effectiveness was examined under different conditions. The investigation into laser
bending provided valuable insights into improving bend angles per scan and reducing
production time. Through a comprehensive series of experiments and simulations, the
influence of various process parameters on bend angles and material properties was
studied. The application of forced cooling was explored to increase bend angles, and its
effectiveness was examined under different process conditions. The results revealed that
forced cooling significantly increased the bend angle during both single and multi-scan
laser bending. The cooling process also influenced the microstructural composition,
mechanical properties, and corrosion behaviour of the bent specimens. It also reduced
the heat effect area and the total production time by reducing the waiting time between
successive scans. The findings highlighted the potential of forced cooling to improve

the overall productivity of the laser bending process in manufacturing industries.



7.2. Research Contribution
The research contributions of this study can be summarized as follows:

e Development of a 3D numerical model: A finite element-based 3D
numerical model was developed and experimentally validated for laser
bending of duplex stainless steel. This model serves as a valuable tool for
predicting and understanding the behavior of the laser bending process under
different conditions.

e Investigation of single-scan laser bending: Simulations and experiments
were conducted for single-scan laser bending under both natural and forced
cooling conditions. The effect of various process parameters on bend angles
was analyzed, and the parametric range for effective forced cooling during
laser bending was identified.

e Feasibility study with aluminium alloy: The study explored the feasibility of
forced cooling assisted laser bending using an aluminium alloy, providing
insights into the effect of forced cooling on temperature and bend angles.

e Development of experimental setup: An experimental setup with real-time
bend angle and temperature measurement capability was established for
forced cooling assisted laser bending. This setup ensured accurate data
collection during the experiments.

e Examination of single and multi-scan laser bending: Experimental studies
were conducted on single and multi-scan laser bending of duplex stainless
steel under both natural and forced cooling conditions. The effects of process
parameters on bend angles and post-bending material properties were
thoroughly analyzed.

e Optimization of process parameters: The research work included the
optimization of process parameters using pareto analysis and genetic
algorithm to achieve higher bend angles per line energy rate. The optimum
parameters were experimentally validated to improve bend angles.

e Microstructural and mechanical analysis: The study investigated the
microstructure and mechanical properties of the bent specimens, revealing
the impact of forced cooling on phase distribution, hardness, and tensile

strength.



e Corrosion behavior analysis: The research explored the corrosion behavior
of the bent specimens in different cooling conditions, shedding light on

potential applications in corrosive environments.

Overall, this research significantly contributes to the advancement of laser bending
technology by improving bend angles and understanding the effects of forced
cooling on material properties. The findings can potentially lead to more efficient

and productive laser bending processes in various manufacturing industries.

7.3. Future directions of the work

The present research work can be extended on the following fronts:

e Development of a numerical model for multi-scan forced cooling assisted
laser bending.

e Estimation of heat transfer coefficient for forced cooling and compare
different cooling mediums with the same heat transfer coefficient.

e Perform the laser bending in an inert environment and compare the material
properties with atmospheric conditions.

e Investigation of post-bending effects after each laser scan and analysis of the
alterations in microstructure and mechanical properties following each scan.

e Exploration of forced cooling assisted laser bending for non-linear
irradiation paths and complex geometries.

e Development of a feedback-based control system to achieve desired shape
of the worksheet.

e Exploration of underwater laser bending.

e Experimental study for controlled thickening and shortening of the sheet by
upsetting mechanism.

e Improvement in the controllability of the buckling mechanism.
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Appendix 3.1

DEFLUX SUBROUTINE TO DEFINE INPUT PARAMETERS (Laser Power,
Beam Diameter, Scanning Speed, Beam Shape, Heat Flux Distribution, And
Position of Laser Scan)

SUBROUTINE DFLUX(FLUX,SOL,JSTEP,JINC, TIME,NOEL,NPT,COORDS,JLTYP,
TEMP,PRESS,SNAME)

INCLUDE "ABA_PARAM.INC'

DIMENSION COORDS(3),FLUX(2),TIME(2)
CHARACTER*80 SNAME

C

I Type declarations
REAL P
REAL
REAL
REAL
REAL
REAL
REAL
REAL

C U< X<O0ox

C
! Executable statements
P=600 ILASER POWER [W]s
R=0.002 IBEAM RADIUS [m][0.004/2]
Q=0.8*P/(3.14*R*R) IBODY FLUX [W/m~2]
V=10.015 11/60 SCANNING SPEED [m/s] or1000mm/min
X=0.050 ISTARTING COORDINATE OF THE LASER BEAM
! Y=0.040 ISTARTING COORDINATE OF THE LASER BEAM
! Z=0
Y=(0-R)+(V*TIME(1))
X=COORDS(1)-X
Y=COORDS(2)-Y
D=sqrt(X**2+Y**2)
U=2*Q*exp(-2*(X**2+Y**2)/R**2) TActual flux
C
! Heat flux for surface cases
IF(D.LE.R) THEN
FLUX(1)=U
IFlux(1)=2*Q*exp(-D*2/R**2)
END IF
FLUX(2)=0

RETURN
END
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Appendix 4.1

COMPOSITION TEST REPORT OF THE MATERIAL USED
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Appendix 4.2

SPECIFICATIONS OF LASER CUTTING MACHINE

Make : Abro Technologies Pvt. Ltd
Model : L3015

Working Area : 1500 x 3000 mm
Axis travel X-axis : 3000 mm

Axis travel Y-axis : 1500 mm

Axis travel Z-axis : 150 mm
Maximum positioning speed of X and Y-axis : 70 m/min
Maximum positioning speed of Z-axis : 20 m/min
Positioning Accuracy : 0.1 mm/m
Power supply : 380 V, 50/60 Hz
Laser cutting control Software : CypOne- 6.1.723

Assisted gas : Oxygen/Nitrogen/Air



SPECIFICATIONS OF FIBER LASER SOURCE

Make

Model

Type

Capacity

Tuning range of output power
Wavelength

Laser switching ON time
Laser switching OFF time
Spectrum width

Beam quality (M?)

Red guide laser power
Maximum modulation rate
Feeding fiber cable length

Feeding fiver core size

Feeding fiber cable bending radius

Cooling method

: Max Photonics
: MFSC-1000W
. Fiber Laser

: 1kW

: 10-100%
:1080+10 nm

: 50-100 ps

: 50-100 ps

:3-5 nm

1.3

150 pwW

: 20 kHz

215 m

50 pum

: 200 mm

. Water cooling
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Appendix 4.4

LASER DISPLACEMENT SENSOR SPECIFICATIONS

Make

Measuring range

Start of measuring range
End of measuring range
Measuring rate
Repeatability
Temperature stability
Light source

Laser safety class
Supply voltage

Power consumption

Signal input

input:
Digital interface

Analog output

measuring
Switching output

Connection

bending

Mounting

Operation temperature range
Material

Weight

(including

: ILD1320-50 from Micro-Epsilon

: 50 mm

:35mm

185 mm

: 2 kHz

S5 um

:+£0.015 % FSO/ K

: Semiconductor laser <1 mW, 670 nm (red)
: Class 2 in accordance with IEC 60825-1: 2014
:11-30 VDC

1 <2 W (24 V)

: 1 x HTL laser on/off; 1 x HTL multifunction

trigger in, zero setting, mastering, teach
: RS 422 (16 bit)/ PROFINET/ EtherNet/IP

4 to 20 mA (12 bit; freely scalable within the

range)
: 1 x error output: npn, pnp, push pull

. Integrated cable 3 m, open ends, minimum

radius 30 mm (fixed installation)
: Screw connection via two mounting holes
: 0 to + 50 °C (non-condensing)
: Aluminium housing

: Approx. 30 g (without cable), approx. 145 g

cable)



Appendix 4.5

THERMAL IMAGING CAMERA SPECIFICATIONS

Make
Model

Imaging and optical data

Field of view (FOV)/ Minimum focus distance

Spatial resolution (IFOV)
Focal length

F-number

Image frequency

Lens identification

Thermal sensitivity/NETD
mK

Focus

motor)
Detector data

Focal plane array (FPA)/ Spectral range
13 um

IR resolution

Detector pitch
Detector time constant
Measurement

Object temperature range
2000°C

Accuracy

Measurement analysis

- FLIR

: A315

1 25° x 18.8°/ 0.4 m (1.31 ft.)
:1.36 mrad

: 18 mm (0.7 in.)

013

: 60 Hz

: Automatic

: < 0.05°C @ +30°C (86°F)/ 50

. Automatic or manual (built in

: Uncooled microbolometer / 7.5-

: 320 x 240 pixels
25 um

: Typical 12 ms

: =20 to +120°C, 0 to 500°C, 0 to

: £2°C or £2% of reading



Atmospheric transmission correction
distance,

and relative

Optics transmission correction

Emissivity correction

Reflected apparent temperature correction

reflected

External optics/windows correction

transmission and
Measurement corrections
Ethernet

Ethernet

Ethernet, image streaming
Signal
Radiometric,

compatible

Ethernet, standard
Ethernet, connector type
Ethernet, type

Ethernet, communication

proprietary

Ethernet, protocols
HTTP,

SMB (CIFS),

uPnP

Digital input/output

Digital input

. Automatic, based on inputs for
atmospheric  temperature
humidity

: Automatic, based on signals from
internal sensors

: Variable from 0.01 to 1.0

. Automatic, based on input of

temperature

. Automatic, based on input of
optics/window

temperature

: Global object parameters

: Control and image

: 16-bit 320 x 240 pixels at 60 Hz,
linear, Temperature linear,
GigE Vision and GenlCam

: IEEE 802.3
: RJ-45
: Gigabit ethernet

TCP/IP  socket-based FLIR

and GenlCam protocol

: TCP, UDP, SNTP, RTSP, RTP,
ICMP, IGMP, ftp, SMTP,
DHCP, MDNS (Bonjour),

: 2 opto-isolated, 10-30 VDC



Digital output, purpose
set)

Digital output
mA

Digital 1/0O, isolation voltage
Digital 1/0O, supply voltage
Digital 1/0, connector type

Digital input, purpose
flow ctrl.

Power system

External power operation

External power, connector type

Voltage
Environmental data

Storage temperature range

Humidity (operating and storage)

humidity

EMC

Vibration

: Output to ext. device (programmatically

: 2 opto-isolated, 10-30 VDC, max 100

: 500 VRMS
: 12/24 VDC, max 200 mA
: 6-pole jackable screw terminal

. Image tag (start, stop, general), Image

(Stream on/off), Input ext. device

(programmatically read)

: 12/24 VDC, 24 W absolute max
: 2-pole jackable screw terminal

: Allowed range 10-30 VDC

: -40°C to +70°C

IEC 60068-2-30/24 h 95%, relative
+25°C to +40°C

: EN 61000-6-2:2001 (Immunity)
EN 61000-6-3:2001 (Emission)
FCC 47 CFR Part 15 Class B (Emission)

: 2 g (IEC 60068-2-6)



Appendix 4.6

MICROHARDNESS SPECIFICATIONS

Make

Hardness scales
Test load

Test load selection

Accuracy
E92

Load control

Load duration (dwell time)
Turret

Eyepiece magnification
Digital encoder resolution
Obijectives

Total magnification
Measuring range

Optical path

Light filter

Light source

Display

test force
Hardness value
Diagonal length
Data output

Statistics

: 402 MVD from Wilson

: Vickers and Knoop

: 10, 25, 50, 100, 200, 300, 500, 1000, 2000 gf
: Dial

: Conforms to EN-ISO 6507, ASTM E384 and

: Automatic (loading/dwell/unloading)
: 5-99 seconds

: Automatic

110X

:0.1um

10X, 40X

: 400X (for measurement)

: 100X (for observation), 200 pum

: 2-way switchable- eyepiece/camera
: Green and blue

: Halogen lamp

. Length of diagonal, hardness converted value,

: 5-digit
. 4-digit (D1, D2)
: Built-in printer, RS232

: Number, average, standard deviation, range



Conversion

strength

Maximum specimen height
Depth from the centerline
XY -stage dimensions

XY -stage travel range

Minimum reading

Operating temperature range

Humidity
Dimensions
Weight

Power supply

: Brinell, rockwell, superficial rockwell, tensile

: 85 mm (2.55 in)

: 120 mm (3.35in)

100 x 100 mm

125 x 25 mm

:0.01 mm

:10°t038° C

: 10%-90% non-condensing
: 513 x 320 x 470 mm

: 36 kg

: 110-220 V AC, 60/50 Hz



AUTOLAB WORKSTATION SPECIFICATIONS

Make

Electrode connections
Potential range
Compliance voltage
Maximum current
Current ranges
Potential accuracy
Potential resolution
Current accuracy
Current resolution
Input impedance
Potentiostat bandwidth
Computer interface

Control software

: Multi Autolab/M204
:2,3,and 4

t+/-10V

t+-20V

. +/- 400 mA

: 100 mA to 10 nA
:+/-0.2%

:3 Vv

:+/-0.2%

: 0.0003 % (of current range)

: > 100G0Ohm
:1 MHz
: USB

: NOVA
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Appendix 4.8

OPTICAL MICROSCOPE SPECIFICATIONS

Make
Olympus

Optical system

Reflected light illumination

unit

Light source
100 W

source

Observation mode

contrast,

Imprinting of scale

observation

Electrical system

Focus

Focus stroke

surface)

Fine handle stroke per rotation

Coarse handle stroke per rotation

Tubes
U_

binocular (U-
Stage for GX

Weight

. Inverted metallurgical microscope GX53 from

: UIS2 optical system (infinity-corrected)

: Manual brightfield/darkfield selection by mirror

: White LED (with light intensity manager)/ 12 V,
halogen lamp/ 100 W mercury lamp/light guide

brightfield, darkfield, differential interface

simple polarizing, mix observation

. All ports reversed positions (up/down) from

positions seen through the eyepiece

. Built-in LED power supply for reflected light

illumination
: Rack and pinion with roller guide

: 9 mm (2 mm above and 7 mm below the stage

: 100 pum (minimum scale: 1 um)
27 mm

: Widefield (FN 22), Inverted- binocular (U-B190,
BI90CT), trinocular (U-TR30H-2), tilting
TBI90)

: X/IY stroke- 50 x 50 mm, max. load 5 kg

: Approx. 25 kg (microscope frame 20 kQ)



Appendix 4.9

SCANNING ELECTRON MICROSCOPE SPECIFICATIONS

Make
Resolution HV mode
LV mode

Magnification

size)
Preset magnifications
Standard recipe

Custom recipe

pressure)

Image mode

Composition,
Accelerating voltage
Filament

Electron gun
Condenser lens
Obijective lens
Obijective lens apertures
Stigmator memory
Electrical image shift
Auto functions

Specimen stage
X: 125
-10° to 90°,

: JSM-6610LV from JEOL
:3nm (30 kV), 8 nm (3 kV), 15 nm (1 kV)
4 nm (30 kV)

: x 5 to x 300000 (on 128 mm x 96 mm image

. 5 step, user selectable
: Built in

: Operation conditions (optics, image mode, LV

specimen stage

Secondary electron image, REF image,

Topography, Shadowed

0.3 kV to 30 kV

: Factory pre-centered filament

: Fully automated, manual override

: Zoom condenser lens

: Super conical objective lens

: 3 stages, XY fine adjustable

> Built in

: 250 um (WD = 10 mm)

: Focus, brightness, contrast, stigmator

: Eucentric large-specimen stage axes motorized-

mm, Y: 100 mm, Z: 5 mm to 80 mm, Tilt:
Rotation: 360°



Reference image (Navigator)
Specimen exchange
Maximum specimen
Measurement

Image format

Auto image archiving
Pumping system

Switching vacuum mode

LV Pressure

JED-2300 EDS

: 4 images

: Draw out the stage

: 200 mm diameter

: Built in

: bmp, tiff, jpeg

: Built in

: Fully automated, DP: 1, RP: 1 or 2

: Through the menu, less than 1 minute
: 10 to 270 Pa

: Built in



Appendix 4.10

X-RAY DIFFRACTION SPECIFICATIONS

Make : X’Pert PRO from PANalytical

X-Ray source . Cu Ka radiation (Ko = 1.54187 A)
Goniometer radius : 240 mm

Geometry . Bragg-Brentano (6-6 system, vertical
goniometer)

Scan range of 26 : 3°-150°

Minimum-Maximum step size :0.001°-1.27°

Divergence slits 1 1/2° to 1/32°

Automatic sample changer : 15 samples

Incident PreFIX Module . Fixed divergence slit holder, Focussing X-Ray
mirror for Cu Ka

Diffracted PreFIX Module : X’Celerator lineal detector

Available software : X’pert data collector, X pert data viewer, X pert

highscore
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