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Abstract

The work presented in this thesis mainly focuses on two manufacturing applications of
laser forming technology, which are controlled direct laser forming of single and double
curved metallic components.

Laser forming is a flexible incremental forming technology that can be applied for
shaping or the correction of distortion in metallic components through the application
of laser radiation, without the need for permanent dies or tools. The non-contact nature
of the process has the advantage of no tool-wear, as well as sharing the high degree of
flexibility associated with other laser-based processes such as cutting, marking and
welding. A defocused laser beam as a heat source is employed to irradiate a material to
thermally induce stresses in a component, the plastic deformation will occur when the
induced thermal stress exceeds the temperature dependent yield stress. Laser thermal
forming operations employ localized heating, this minimises any potential effects on
other areas of a component, therefore a range of size and type of materials can be
formed. Laser forming has the potential for applications in many manufacturing
industries, such as automotive industry and shipbuilding.

The first study presented in this thesis is to develop an advanced scanning strategy
to improve the controllability of the process and produce a two-dimensional component
independent of material and process variability and this study is also to prove the
manufacturing capabilities of the LF process at attempt was made to produce an actual

car body component, which is linked to the Audi commercial project. The required ‘U’
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shaped component with three different bending angles 20°, 40° and 60° from Audi AG
was identified as an ideal candidate for laser forming.

For practical industrial applications, in addition to single curved shapes, most
components have a double curved geometry, such as ship hulls, pillow shape, saddle
shape etc. Therefore, it is necessary to consider 3D laser forming in order to advance
the application of laser forming in the actual manufacturing environment. The second
study presented in this thesis is the investigation of 3D laser forming. The component
with a ship hull geometry was chosen for 3D laser forming investigation in this thesis,

which is supplied by a ship building company.
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Chapter 1

Introduction

The study presented in this thesis mainly focuses on two manufacturing applications of
laser forming technology, which are controlled direct laser forming of single and double
curved metallic components.

Laser forming is an incremental non-contact forming process used for flexible
fabrication of metallic or non-metallic components of different shapes and shape
correction by the controlled defocused laser beam induced thermal stress without any
external load and tools [1].

In thermodynamics, the thermal stress is the mechanical stress generated by any
change in temperature of the material. This stress can lead to plastic deformation of the
material. The temperature gradients, thermal expansion or contraction are the factors
that can lead to thermal stress, which is highly dependent on the thermal expansion
coefficient of material. In general, the greater the temperature change, the higher the
level of thermal stress will be generated [2].

The laser forming process is realised by introducing thermal stresses into the
surface of a workpiece by heating the surface with a laser beam. These internal stresses
induce plastic strains that result in local elastic-plastic buckling of the workpiece. Laser
forming is a flexible incremental forming technology that can be applied for shaping or
the correction of distortion in workpiece through the application of laser radiation,
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without the need for expensive stamping dies or tools, which can reduce the cost of
small batch production. In contrast with conventional forming techniques no
mechanical contact is required for this process promoting the idea of ‘virtual tooling’.
The noncontact nature of the process has the advantage of no tool-wear, as well as
sharing the high degree of flexibility integrated with other laser-based processes such
as cutting, marking and welding, laser forming offers process the programmability and
the possibility of automation. A defocused controlled laser beam as a heat source is
employed to irradiate a material to thermally induce stresses in a component, the plastic
deformation will occur when the induced thermal stress exceeds the temperature
dependent yield stress [1,3,4,5].

Laser thermal forming operations employ localized heating, this minimises any
potential effects on other areas of a component, therefore a range of size and type of
materials can be formed, such as mild steel, stainless steel, titanium alloys, and
aluminium alloys etc. [6,7,8,9,10]. These materials are widely used in the shipbuilding
industry, automobile manufacturing industry, and aerospace industry where the
implementation of laser forming as a replacement of existing manufacturing processes
is under investigation [11,12,13,14].

In addition to the features mentioned above, the infrared thermometer or shape
measuring instrument can be integrated in the laser forming system, enabling the laser
forming to achieve full closed-loop control, thereby ensuring the quality of the

workpiece and improving the production environment [15].
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The overall deformation of laser forming of the workpiece is dependent on the
heat input, geometry of workpiece, laser scanning strategy, and material properties.
Heat input includes laser power, scan speed, spot size, absorptivity of the material etc.
The parameters related to the workpiece geometry are length, width and thickness.
Laser scanning strategy includes number of laser scans, scanning sequence in multi-
scan process and scanning pattern. The performance of the process also depends on the
temperature dependent thermal and mechanical properties of the material. The related
thermal properties are coefficient of thermal expansion, thermal conductivity, specific
heat etc. and mechanical properties are density, Young’s modulus, Poisson’s ratio, yield
stress etc. [15,16].

Before the laser forming technology was invented, flame bending has been widely
used in the profiling and straightening of heavy engineering components in the
construction and shipbuilding industries. In flame bending the thermal stress is induced
into the workpiece through the oxyacetylene torch. This process is completely manual,
so the quality of the processing heavily relies on the skill of the operator. In addition,
the heat of the flame is difficult to focus on a spot to create a steep thermal gradient,
but the laser can produce a focused heating area on the surface of the workpiece, thereby
greatly decreasing this problem [17,18,19]. Comparing the two heat sources, it can be
seen that the flame is difficult to achieve precise control. However, the laser has a high
energy density and degree of control, which can be used to form both larger and small
size components. Therefore, the laser forming technology has great potential to instead

of conventional flame bending in the construction and shipbuilding industry [3].
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In the automotive industry, the deep drawing process is usually used to bend sheets
and the high deformations rates can easily lead to cracks and ruptures in the bending
area. Due to the temperature dependence of the yield strength, forming of the material
will become easier at elevated temperature. Since forming only takes place at a local
area of the workpiece, selective heating is sufficient and advantageous in most
cases [20]. Laser selective heating offers the possibility of heating only the areas of the
workpiece where the deformations are required. In addition, laser forming is a much
more flexible process than deep drawing process with the ability to form any required
bending angles at different positions on the workpiece only by programming the code
of the Computer Numerical Control (CNC) machine tool and laser processing
parameters [21]. However, like many other manufacturing processes, laser forming has
also got some limitations, such as the process is somewhat slow, and not suitable for
forming the deep and complicated products and components [22].

There are three main mechanisms of laser forming, which are the temperature
gradient mechanism (TGM), the buckling mechanism (BM) and the upsetting or
shortening mechanism (UM) [4]. The TGM produces a maximum bending angle of
0.1~3 degree per pass and the bending direction is always towards the laser [6]. For BM
much larger bending angle of 1~15 degree per pass can be produced [6], however, when
forming with this mechanism it is more difficult to control the magnitude and direction
of the bends accurately [4,23]. If the workpiece is prevented from bending by either
external forces or the geometry of the workpiece the UM can occur causing the

workpiece to shorten in length and thicker along thickness direction in the laser
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irradiated region [23]. For accuracy and consistency, the TGM is the most popular
mechanism in laser forming. This is the main mechanism used in this thesis.

Based on the advantages and characteristics of laser forming described above, it
can be seen that laser forming technology has great application potential in the fields
of shipbuilding, automobile, aerospace, etc. However, up to date, the laser forming
process appears to see very limited use by industry today compared to laser cutting,
laser welding, and additive manufacturing due to that the reliability has not been
completely verified.

The work presented in this thesis on 2D and 3D laser forming aims to prove the
viability of this technique as a direct manufacturing tool. To date there has been a
considerable amount of work carried out on two-dimensional laser forming, such as
using multi-pass scanning strategies to produce a single curved shape. However, there
is a limited understanding related to accuracy control the forming process to produce a
target component.

Therefore, presented in this thesis are results of investigations into the 2D and 3D
laser forming of metallic components. The first work presented in this thesis is to
develop an advanced scanning strategy to improve the controllability of the process by
controlling the bending angle rate to produce a two-dimensional component
independent of material and process variability. A 2D laser sensor was employed to
measure the bending angle after each pass and so an appropriate bending angle rate or
the processing speed can be selected for the next pass based on the difference between

the current and target bending angle. In addition, the study also proved the
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manufacturing capabilities of the laser forming process at attempt was made to produce
an actual car body component, which is linked to the Audi commercial project. The
required ‘U’ shaped component with three different bending angles 20°, 40° and 60°
from Audi AG was identified as an ideal candidate for laser forming.

For practical industrial applications, in addition to simple 2D shapes, most
components have a double curved 3D geometry, such as ship hulls, pillow shape, saddle
shape etc. Therefore, it is necessary to consider 3D laser forming in order to advance
the application of laser forming in the actual manufacturing environment. The second
work presented in this thesis is the investigation of 3D laser forming. The component
with a double curved geometry was given by a shipbuilding company, the details of the
size of the component was presented in the chapter 3, which was chosen for 3D laser
forming investigation in this thesis. In theory, laser can be used as a heat source to form
any size of plate, which is depending on the laser power and beam spot size. For a given
shape with large deformation, one-off single pass would be extremely difficult to
predict and control. Therefore, the purpose of the second study presented in this thesis
is to develop a more sensible method to produce an accurate repeatable 3D shape
independent of residual stress distribution and non-uniformity absorption of the laser
radiation and to take account of any unwanted distortion either caused by above two

factors or process variability.
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Chapter 2

Literature Review

Recently, the laser forming technology and potential applications has been investigated
by various researchers. This chapter presents the review of literature on the laser
forming process. It contains the literature study on laser forming mechanisms, state of
art in parametric study in laser forming, state of art in mechanical and microstructural
properties study in laser forming, state of art in edge effect study, state of art in
modelling of laser forming process, state of art in 2D and 3D laser forming, and

previous laser forming research within the laser group at the University of Liverpool.

2.1 Laser Forming Mechanisms

Because of the good control offered by the laser beam, through control of process
parameters (laser power, scanning speed and laser spot diameter) according to the
workpiece geometry and material properties, different types of temperature fields can
be generated, yielding different laser forming mechanisms and bending results. Laser
forming is usually associated with three main forming mechanisms: the temperature
gradient mechanism (TGM), the buckling mechanism (BM) and the upsetting
mechanism (UM). There is a fourth mechanism, the coupling mechanism as a

combination of TGM and UM identified by Shi et al. is also discussed here [23].
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2.1.1 Temperature Gradient Mechanism

Geiger and Vollertsen proposed the temperature gradient mechanism (TGM) in 1993,
which is defined by inducing a steep temperature gradient through the thickness of the
material [4]. TGM is the most common mechanism in laser forming. It is generated
when the laser beam diameter is the same order of the workpiece thickness and coupled
with high scanning speeds resulting in a steep temperature gradient across the thickness
of the workpiece [24,25,26,27,28]. The mechanism can be described in two stages, viz.,
heating, and natural cooling of the workpiece, as shown in Figure 2.1.1. The first stage
is the heating stage, in which the heat is introduced at the surface of the material by
using a laser.
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Figure 2.1.1 The two stages of the temperature gradient mechanism (TGM) [29]

Heating stage: During heating, a localized thermal expansion occurs in the heated
region at the top surface of the workpiece, which results in a bending of the workpiece
away from the laser beam termed counter bending. The localized expansion is resisted
by the surrounding colder material. This resistance creates plastic compressive strains

in the heated region.
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Cooling stage: When the laser is removed, the workpiece begins to cool down and
the bending direction is towards the laser beam. This is due to the contraction of the
local expansion, but the plastic compressive state remains, which cause the workpiece
to bend towards the laser beam.

A keynote of the temperature gradient mechanism is the steep temperature gradient
that exists through the thickness during the heating phase.

Lawrence et al. [6] conducted the experiments on single-pass laser forming. They
observed that in a single pass, the range of the bending angle was between 0.1° to 3°.
Wang et al. [30] studied the thickening phenomenon of a metal laminates (stainless
steel/carbon steel laminates (SCLP)) during the laser bending process. The SCLP is
composed of the matrix layer of a carbon steel, whose both sides are covered by
stainless steel layers. They observed that for stainless steel layer on the top, its thickness
size changed from 91 to 102pm after laser bending, and for carbon steel layer, the
thickness size changed from 630 to 657-714 um at 10° to 40° bending angles.
Researchers argued that the thickening phenomenon is caused by the thermal and

plastic deformation effect.

2.1.2 Buckling Mechanism

The buckling mechanism (BM) was developed in 1993 by Geiger and Vollertsen [4],
which is achieved by using large beam diameters relative to workpiece thicknesses
(approximately ten times of the sheet thickness) [26] coupled with low scanning speeds

typically result in a small temperature gradient across the thickness of the workpiece
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and elastic-plastic buckling resulting in the bending of the workpiece towards or away
from the laser beam [23,26,31], as shown in Figure 2.1.2. BM also occurs when a thin
sheet with higher thermal conductivity is scanned by using slow scanning speed with a

relatively high power, resulting in a high thermo-elastic strain in the material [32,33].

During heating
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Figure 2.1.2 The two stages of the buckling mechanism (BM) [29]
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The bending process in BM comprises the following steps:

Heating stage: During heating, a larger localized expansion occurs through the
thickness of the material. This produces in compressive stresses in the heated region
due to constrains by the bulk of the material. If the heated region is large enough, a
small deviation from perfect flatness in the workpiece creates instability.

Cooling stage: As the laser is removed, the material begins to cool down. The
expanded material contracts, yet the plastic compressive state remains. Due to the larger
compressive zone, a buckling instability can occur, which can cause bending both
towards and away from the laser beam. The direction of the bending is determined by
anumber of factors, such as laser parameters, workpiece geometry, internal and external
stresses (gravitation forces), the pre-bending of the sheet and the relaxation of residual

stresses [34,35,36,37].

HUI GAO 10 PhD Thesis



Advanced Laser Forming of Metallic Components

Chakraborty et al. [38] performed experiments and finite element (FE) modeling
to form the 25mm diameter, Imm thick AISI 304 stainless steel flat circular plates to
the bowl shape by using a 2 kW Yb fiber laser. The irradiation time was varied from 1
to 4 s, the laser beam diameter was varied from 6 to 12mm and keeping the laser power
as 300 W. They observed that the plates bent more with longer irradiation time and
larger laser beam diameter at constant laser power. The longer irradiation time and
larger laser beam diameter resulted in a small temperature gradient across the thickness

of the plate and elastic-plastic buckling, which activated the buckling mechanism.

2.1.3 Upsetting Mechanism

The upsetting mechanism (UM) was introduced in 1993 by Geiger and Vollertsen [4]
and it is activated when the laser beam diameter is of the same order or greater than the
plate thickness, the scanning speed is low, and the geometry of the part does not allow
buckling of the material [39]. In addition, a relatively high thermal conductivity
material facilitates the activation of UM [22]. In the upsetting mechanism, the
workpiece is heated nearly homogeneously across its thickness by using a low scanning
speed [40]. The heating and cooling stages of the upsetting mechanism can be seen in

Figure 2.1.3.
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Figure 2.1.3 The two stages of the upsetting mechanism (UM) [29]

In the heated region, the flow stress decreases with increasing of the temperature
and the thermal expansion approaches the elastic limit of the material. Since the free
expansion of heated material is restricted by the surrounding material, further heating
will lead to plastic compression. Therefore, a large amount of the thermal expansion is
converted into plastic compression. The plastic compression then remains during
cooling causing the heated region to contract with an almost constant strain along the
thickness due to a nearly homogeneous temperature field across the plate thickness,
which results in a localised shortening and an increase of local thickness. Hence,
upsetting mechanism is also known as shortening mechanism [6,23,26,28]. Shi et al.
[40] proposed that a more uniform temperature gradient through the thickness can be
created by heating both upper and lower surface with identical settings.

It is worth noting that as a temperature gradient is impossible to be avoided in
practice by using a single laser heat source, this mechanism will always result in a small

amount of bending.

HUI GAO 12 PhD Thesis



Advanced Laser Forming of Metallic Components

2.1.4 Coupling Mechanism

The coupling mechanism (CM) was introduced by Shi et al. in 2006 [23] and it is a
special mechanism as it is a combination of TGM and UM. Under TGM of laser
forming generate out-of-plane deformation or bending, and UM-induced laser scans
produce in-plane shortening. It is worth noting that it is not possible to achieve pure
TGM and UM under typical conditions [23,36]. The heating and cooling stages of the
coupling mechanism can be seen in Figure 2.1.4.
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Figure 2.1.4 The two stages of the coupling mechanism (CM) [29]

Heating stage: A localized expansion through the thickness of the material will
be generated during heating. The localized expansion is largest at the surface, but also
occurs through the thickness. The expansion is hindered by the surrounding colder
material, which creates plastic compressive strains in the heated region.

Cooling phase: As the laser is removed, the material begins to cool down causing
the expansion to contract, yet the plastic compressive state remains during cooling. Due
to the higher temperature at the upper surface, bending occurs towards the laser beam.

As there is also a compressive state at the bottom, shrinkage (upsetting) is also achieved.
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The different laser forming mechanisms are dependent on the type of process
parameters used. Thus, in laser forming, the appropriate forming mechanism needs to
be determined in order to choose the process parameters according to the geometry of
the workpiece and the target shape. Fourier’s number is an important value to predict
the process parameters settings under certain forming mechanisms, which is a value
combined of thermal diffusivity of the material, laser beam diameter, plate thickness

and laser scanning speed.

2.1.5 Fourier’s number

Fourier number is the dimensionless quantity used in the calculation of unsteady-state
heat transfer, which is the ratio of the rate of heat conduction to the rate of heat stored
in a body [41]. In the laser forming process, the Fourier’s number can be used to
differentiate between TGM and BM or UM [23,42]. For continuous mode laser, the

Fourier’s number is given by Shi et al. [23] and Chakraborty et al. [42] as:

Equation 2.1.1
where k, d, t and v are the thermal diffusivity, the laser beam diameter, the thickness of
the workpiece and the laser scanning speed respectively.
In laser forming, TGM dominates when Fy < 1, and BM or UM dominates when
Fo> 1. It can be noted that the Fourier’s number cannot differentiate between BM or
UM by itself, however the laser beam diameter can be used as a rule of thumb to

differentiate between BM and UM. BM dominates in larger laser beam diameters (d)
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approximately ten times of the sheet thickness (t), and UM dominates when the beam
diameter is approximately the same order of the sheet thickness [26,42,43].

From Equation 2.1.1 it can be found that in the process of laser forming of a given
workpiece, the different mechanisms can be converted to each other by changing the

beam diameter or the scanning speed.

2.2 State of Art in Parametric Study in Laser Forming

The laser forming process is affected by various factors and process parameters. Many
researchers have studied the effects of the process parameters on laser forming [44-88].
These process parameters can be classified into four categories:

1. Laser process parameters: The laser process parameters include laser power,
scanning speed, laser beam diameter and number of laser passes. Laser forming
process is strongly influenced by laser process parameters because this process is
associated with heating by laser, and different parameters setting provide different
heat input.

2.  Workpiece geometry parameters: The type of the process parameters setting can be
predicted according to the size of the workpiece and the target shape, and the size
of the workpiece will influence the bending results under the same process
parameters. The most important parameters are length, width and thickness.

3. Material properties parameters: The material properties of the workpiece play a key
role in the laser forming process, which includes the mechanical and thermal

properties as well as absorptivity.
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4. External constraint parameters: The external constraint parameters include forced

cooling, external mechanical load, and clamps.

2.2.1 Laser Power

In general, the bending angle is increased with increasing of the laser power for a given
beam diameter and scanning speed [44,45,46], however after attaining a saturation
point, the bending angle decreases with further increasing of the laser power [6]. The
reduction in bending angle is due to two possible reasons. Firstly, a too great heat across
the thickness of the material will be built up with further increasing of the laser power,
which will reduce the temperature gradient between the surfaces. This reduction in the
temperature gradient will trigger the BM instead of the TGM [47]. Another possible
reason is the coating interaction since at higher power the absorptive graphite coating
may degrade or burn off more readily, which will cause insufficient heat transfer to the
substrate. Therefore, the process efficiency will be decreased, and the workpiece will
be melted rather than plastic deformation with further increasing of the laser
power [17,48]. In addition, Lawrence et al. [6] and Edwardson [15] suggested that a

threshold heat input was need in the process, below which no bending occurs.

2.2.2 Scanning Speed

The scanning speed is one of the key parameters to control the heat input in the laser
forming process. Vollertsen and Rodle [24] indicated that the heat input per unit length

and the temperature variation through the thickness of the workpiece can be controlled
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by the scanning speed. The heat input per unit length decreases with the increasing of
the scanning speed for a given laser power, which will lead to the reduction in the
bending angle. The reason for this is that the high scanning speed gives a shorter
interaction time between the surface of the workpiece and the laser beam. The short
interaction time leads to the reduction in the peak temperature and plastic deformation
in the heated region [49,50].

Chen and Xu [44] conducted the laser forming experiments on 100um thickness
of full-hard 301 stainless steel to analyse the effect of the scanning speed on the bending
angle. They found that the bending angle decreased from 0.06° to 0.02° with increasing
of the scanning speed from 7mm/s to 27mm/s. The reduction in bending angle was
attributed to decreasing of the energy per unit time transferred to the metallic workpiece.

Liand Yao [51] conducted the experiments on low carbon steel AISI 1010 to study
the effect of different combinations of laser power and scan speed on bending angle
under the constant line energy of 10 J/mm and the constant peak temperature of 1030°C
at the top surface of the workpiece, respectively. They observed that the bending angle
was larger at higher scanning speed when the line energy (the ratio of the laser power
to the scanning speed) was kept constant. The bending angle increased from 0.65° to 2°
with increasing of the scanning speed from 40mm/s to 140mm/s. They also found that
the peak temperature at the top surface of the workpiece increased from 675°C to
1350°C with increasing of the scanning speed from 40mm/s to 138mm/s when keeping
the line energy constant, and the temperature difference between the top and bottom

surfaces increased from 275°C to 900°C. In addition, they observed that the bending
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angle decreased from 1.4° to 1° with increasing of the scanning speed from 80mm/s to
160mm/s when keeping the peak temperature constant at the top surface of the
workpiece. This is because that under the condition of constant peak temperature, the
laser power still increase with increasing of the scanning speed but does not increase as
fast as under the condition of constant line energy [51].

Barletta et al. [52] analysed the effect of scanning speed on the bending angle in
Al>O3 coated and uncoated AA6082-T6 thin sheets. They observed that the bending
angle increased with increasing of the scanning speed at high laser power. The reason
for this is that the AA6082-T6 has relatively high thermal conductivity (180 W/mK)
and the workpiece is very thin (0.1mm), thus if the slow scanning speed is employed
which gives a longer interaction time between the surface of the material and the laser
beam. The long interaction time leads to the thermal energy dispersing through the
depth of the material, which in turn leads to a greater decrease in temperature gradient
through the thickness of the sample. This leads to the BM dominates in the process
instead of the more desirable TGM resulting in the reduction in the efficiency of the

process [52].

2.2.3 Laser Beam Diameter and Geometry

The geometry of the laser beam is one of the important parameters for controlling the
heat flux density. The geometry of the laser beam includes the area and shape of the
laser beam spot. The laser beam shape can be circular, which is a very common laser

beam, but also line, rectangle, triangle, star, donut, d-shape, cross, etc. through beam
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shaping. The power density (the ratio of the power to laser beam area) is inversely
proportional to the laser beam diameter. The power density decreases with increasing
of laser beam diameter for a given power. Kant et al. [43] and Chen et al. [44] studied
the effects of different laser beam diameters in laser forming process under the
condition of TGM through experiments and FE Modelling. They observed that the
bending angle decreased with increasing of laser beam diameter at a constant laser
power and scanning speed. This is because that the energy input decreases with
increasing of the beam diameter for a given laser power and scanning speed.

Safdar et al. [53] investigated the effects of circular, rectangular, triangular, and
donut beam shapes on laser bending of tubes through experiments and finite element
modelling. They found that the maximum temperature attained was for the triangular
laser beam (1520 K) followed by circular laser beam (1517 K) and the rectangular laser
beam (1337 K). This is because that the triangular laser beam has longer dimension in
the scanning direction with respect to its lateral dimension, attained higher temperature
for the same power density due to longer interaction time. However, the thermal
behavior of the donut laser beam is quite different from other laser beam shapes, which
allows the material to cool during the scanning cycle due to its hollow core. As the laser
beam scans the temperature starts to rise when the solid portion of the laser beam moves
on the material and then the temperature drops when the hollow part moves on the
material and then rises again when the solid portion of the laser beam interacts with the

material again.
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Sheikh and Li [54] studied the effect of non-conventional laser beam geometry on
material processing by finite-element modelling. They found that the specific laser
beam geometry had an advantage for the specific laser material processing, such as the
triangular and rectangular laser beams were beneficial for the laser transformation
hardening process due to the lower heating rates; the rectangular laser beam was
beneficial for the laser melting/brazing process due to the uniform cross-sectional melt
pool profile; the triangular laser beam was beneficial for the laser glass cutting process
due to the minimum cut path deviation.

Jamil et al. [55] studied the effects of different laser beam geometries on laser
bending of sheet metal under the condition of temperature gradient mechanism. They
observed that the bending angle, radius of bending edge (radius of curvature) and edge
effect can be controlled significantly by the geometry of the laser beam. The square
laser beam produces the highest bending angle followed by rectangular, triangular. This
is because that the laser beams with a narrow leading edge are preferable to produce
bending angle compared to the ones with wider leading edge. In terms of the scanning
line curvatures, rectangular laser beam produces the highest distortion. This is because
that a wider beam produces bending with a large bend radius, while a narrower beam
produces a smaller bend radius. The triangular laser beam can be used to reduce the
edge effect in the laser forming process, which is seen as the best beam for the high
accuracy tolerance needed applications. The detailed discussion of the edge effects is

presented in the section 2.4.
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2.2.4 Number of Laser Scans

As mentioned earlier, the typical bending angle per pass is in the range of 0.1° to 3°
under the condition of TGM [6]. Therefore, multiple scanning is required for achieving
large bending angle in the laser forming process. Lawrence et al. [6] and Edwardson et
al. [56] observed that the cumulative bending angle increases with increasing of the
number of scans. However, the bending angle per pass increased at a high rate initially,
and then gradually drops off, but has an amount of fluctuation between each pass.
Wu et al. [57] conducted the experiments and simulation on laser bending of silicon
sheet with three different thicknesses (0.1mm, 0.2mm and 0.3mm) and had the similar
observation. They indicated that the falloff in the bending angle per pass could be
attributed to a number of factors including strain hardening in the HAZ (a thicker
material is harder to form), section thickening along the bending region (reducing the
ductility of the material), absorptive coating degradation (reducing the absorption of
laser radiation) and laser beam geometrical changing [15,16,45]. As the workpiece
deforms the outside of the bend cold works and the orientation of the dislocations in
the material are changed, which results in strain hardening [15,16]. In the laser forming
process, the plastic compression leads to the upper layer thicken along the bending
region [19,58]. The surface coatings as graphite will burn off with increased laser beam
interaction time or multiple passes over the same track, which will reduce the
absorption of laser radiation resulting in decreasing of the bending angle per
pass [5,15]. In the multi-pass laser forming process, it is important to select the

appropriate process parameters and cooling conditions to obtain good bending results.
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Otherwise, the surface of the workpiece may melt due to the accumulation of the
temperature after each pass [59]. Griffiths et al. [60] observed that the changing in
absorptive coating and laser beam geometry become dominant on bending results as
the number of laser scans increases. On the other hand, Kant and Joshi [61] studied the
multi-pass laser forming of M1A magnesium alloy sheets by experiments and
numerical simulation. They found that although the peak temperature on the upper
surface of the sheet increases with increasing of the number of laser scans, the
temperature difference between upper and lower surface decreases. This is due to

insufficient cooling time between two consecutive laser passes.

2.2.5 Workpiece Geometry

The geometrical parameters such as the length, width and thickness of the workpiece
will influence the bending results, of which the thickness is the most critical parameter,
it will directly determine the temperature variation along thickness of the workpiece. A
number of researchers have reported the effects of workpiece geometry on laser bending
results [4,42,45,62,63,64,65,66].

Chakraborty et al. [42] developed a process to form both concave and convex sides
of the mechanically bent stainless steel specimens by using a laser through experiments
and numerical simulations. They observed that the bending angle was prominently
larger while applying the laser on the convex side than on the concave side.

Geiger et al. [4] and Lee et al. [62] found that the bending angle changed

approximately inversely proportional to the square of the workpiece thickness, and the
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three laser forming mechanisms were related to the thickness, such as increasing in the
thickness of the workpiece results in the transition of buckling mechanism to
temperature gradient mechanism for a given process parameters setting [4,62]. Zahrani
and Marasi observed that the thickness of the workpiece would affect the edge effect,
such as the edge effect increased with increasing of the thickness of the workpiece [63].
Wu et al. [45] and Chen et al. [64] found that the length of the workpiece (perpendicular
to the scanning path) had little effect on the laser bending angle, since the thermal field
was not visibly affected with varying the length of the workpiece [45,64].

Cheng et al. [65] studied the effects of the size of the workpiece on laser forming
of low-carbon steel sheet by experiments and numerical simulation. They observed that
the bending angle increased with increasing of the width of the workpiece (the
dimension along the scanning direction) at the fixed length and thickness, which was
attributed to the larger thermal stress caused by the larger constraint from the cold

material. Wu et al. [45], Chen et al. [64] and Shi et al. [66] had the similar observations.

2.2.6 Absorptivity on Laser Forming

The absorptivity of the material plays a vital role in the laser forming process. The
energy input into the workpiece increases with increasing of the absorption of the laser
radiation. The high reflective materials not only result in significant power loss but also
damaging the optical elements due to backscattering light. A number of methods can be
used to enhance the absorptivity of the material, such as using short wavelength laser,

surface roughing or surface coating [6,52,67,68,69,70,71,72,73,74]. The detailed
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description of absorptive coating is presented in section 3.1.3.

2.2.7 Thermal Properties of the Material

The thermal properties, such as thermal conductivity, specific heat capacity and
coefficient of thermal expansion of the material, will affect the temperature distribution
in the workpiece during laser forming process. The peak temperature on the upper
surface of the workpiece and the temperature gradient along the thickness of the
workpiece will increase with decreasing of the thermal conductivity of the material,
since the less heat dissipation in relatively low thermal conductive material [26,28,75].
Guan et al. [76] studied the effect of the material properties on laser bending angle.
They observed that the bending angle was inversely proportional to the specific heat
capacity and thermal conductivity of the material, while proportional to the coefficient
of thermal expansion of the material. Guan et al. [77] found that the thermal
conductivity and specific heat capacity of the material decreased with increasing of the
temperature due to the temperature dependent of the material, which resulted in the

increasing of the plastic deformation and bending angle.

2.2.8 Forced Cooling

To produce a target shape with large deformation, the scanning strategy should be to
increment towards the target shape with a number of passes (multi-pass scanning
strategy). In multi-pass laser forming process, the temperature gradient along the

thickness of the workpiece may decrease and the surface of the workpiece may melt
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due to the fact that the thermal conductivity of material increases at higher accumulation
of the temperature after each pass, which may influence the efficiency of the process
and the quality of the forming results [59,78]. Therefore, the forced cooling should be
taken into account in the multi-pass laser forming process in order to improve the
efficiency of the process and the quality of the forming results.

Cheng and Yao [78] carried out experiment of laser forming of low carbon steel
AISI 1010 to study the effects of forced air cooling on multi-pass laser forming process.
They found that the forced air cooling not only would reduce the dwell time in between
each pass but also improve the microstructure and mechanical properties of the material.
The metallurgic results obtained from the study of Cheng and Yao showed that the case
with forced air cooling exhibited a finer grain structure than the one without cooling.
This is due to that the nucleation rate of new grains under cooling is higher than that
under no cooling condition. In addition, the yield strength of the material under laser
forming with forced air cooling was found higher than that without cooling. This is
because of that the microstructure of the material under cooling shows a finer grain size
and a finer bainite phase as compared with no cooling. Therefore, the strength of the
material with cooling is higher than without cooling after laser forming [78].

Lambiase et al. [79] conducted an experimental investigation on passive water
cooling in laser forming process, in which the workpiece was partially immersed into
the stationary water during the process. They observed that the passive water cooling
would greatly short the cooling time in between each irradiation and quickly reduce the

temperature to prevent excessive oxidation and melting of the scanned surface.
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Kant and Joshi [80] studied the effects of forced cooling on multi-pass laser
forming process by using finite element modelling. They found that the melting of the
surface of the workpiece, long dwell time in natural cooling and reduced bending angle
per pass would be solved by application of forced cooling after each laser irradiation.

Shen et al. [81] studied the effects of water cooling on bending angle through
experiments. The size of the stainless steel 304 workpiece was 100mmXx50mmX 1mm.
They observed that the highest bending angle was achieved when keeping the upper
surface in air and immersing the lower surface in the water. This is attributed to the
efficient cooling of the bottom surface during the laser forming process. Water can
prevent heat accumulation by absorbing the extra heat due to its high specific heat
capacity with respect to the air. Therefore, it can increase and prolong the temperature

gradient across the thickness of the workpiece resulting in larger bending.

2.2.9 External Load

Laser forming can be classified to laser direct forming and laser-assisted forming. Laser
direct forming is a non-contact forming process without any external loads, which is
achieved by introducing the thermal stress into the surface of a workpiece with a laser
beam. As the thermal stress is over the yield stress of the material the plastic buckling
will occur [3]. Laser-assisted forming is combination of the mechanical forming with
laser assistance [20]. During the mechanical forming processes, the high deformation
rates can lead to cracks and rupture very easily. Especially brittle materials like titanium

or magnesium make difficulties in forming. Due to the dependence of the yield strength
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on temperature, forming at elevated temperatures eases processing of such materials.
Since forming takes place only at localized areas of the workpiece in most cases,
selective laser heating is sufficient and advantageous, which can precisely heat and
soften the areas of the workpiece where the strongest deformations are
required [20,33,82,83].

Guan et al. [76] preloaded a mechanical load on the lower surface at the free end
of the cantilever sheet to bend the workpiece toward the laser beam, as shown in
Figure 2.2.1. They observed that the bending angle increased significantly with

increasing of the preloading.
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Figure 2.2.1 Laser-assisted bending by applying a load at the end of a cantilevered
sheet [76]

Bammer et al. [84] successfully performed laser-assisted bending of 1-2.5mm
thickness of Mg alloys (AZ31, ZE10), 1-2.5mm thickness of Al alloys (7075, Titanal),
2-12.7mm thickness of Ti alloys (Titan grade 2, WL3.7164) and 1-3mm thickness of
Steels (M85, St52, Hardox).

Kant et al. [47] developed a laser-assisted bending method applying a mechanical
load at the free end of the workpiece and moving in a path parallel and synchronous to

that of the laser beam, as shown in Figure 2.2.2.
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Figure 2.2.2 Laser-assisted bending by moving mechanical load [47]

Mueller et al. [85] combined mechanical load and laser to rapidly formed the three-
dimensional objects, in which a defocused laser beam was applied on the bending lines
to soften the bending region. Gisario et al. [86] developed a pneumatic tool with
selective laser heating assistance to successfully bend the Grade2 CP Titanium and

AA7075-T6 sheets.

2.2.10 Clamping

The workpiece clamping is one of the key factors to influence the laser forming results,
which provides the mechanical constraint to the workpiece during the laser forming
process.

Birnbaum et al. [87] studied the effects of edge clamped and unclamped conditions
on laser forming of a squared sheet with the size of 80mmX80mmx0.89mm, as shown
in Figure 2.2.3. Both the clamped and unclamped samples were laser irradiated at the
distances of 40mm, 25mm, and 10mm to the left edge, as shown in Figure 2.2.4. They
observed that the bending angles for the edge clamped workpiece were greater than

those for the unclamped workpiece under the given process parameters setting. This is
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due to the Poisson’s effect stemming from the presence of the clamp, which acts to
inhibit the displacement in the Z direction thereby increasing the stress in the Y
direction. This would suggest that the presence of the external constraint would increase
the total constraint, thus resulting in an increasing in bending angle.

Clamp Low conductivity platform

Edge-Clamped Free Configuration

Samples to be processed

Figure 2.2.3 Schematic of clamped and unclamped workpiece [87]
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Figure 2.2.4 Schematic of clamped specimen specifying coordinate system and
operating distance a=40mm, 25mm, 10mm [87]

Kant and Joshi [88] studied the effects of four different sheet clamping methods
on laser forming process through finite element modelling, which were edge clamping,
center clamping, corner clamping, and unclamping, respectively. They found that the
maximum edge effect occurred for the unclamped condition, and it was the minimum
for the edge clamping.

Hu et al. [89] studied the effects of two types of clamping conditions on laser
forming process, which were edge clamping and point clamping at the start and end
points of laser scanning path. The minimum edge effect was obtained for the point

clamping at the start and end points of laser scanning path.
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2.3 State of Art in Mechanical and Microstructure

Properties Study in Laser Forming

The elevated surface temperature and localized plastic deformation will occur in the
heated region during the laser forming process, which may cause the strain hardening,
dynamic recrystallization and phase transformation resulting in the changing of the

mechanical and microstructural properties of the material in the heated region [16].

2.3.1 Mechanical Properties of the Material

There is various research of the mechanical properties after laser forming summarized
in the literature. The compressive strain and tensile strain, residual stress and hardening
will be generated in the laser forming process, which will affect the mechanical
properties of the material, such as the tensile strength, fatigue strength, hardness, and
ductility. Laser irradiation will cause the difference in hardness between the base
material and the material in the heated region.

Merklein et al. [25] investigated the changes in microstructural and mechanical
properties of AA1050 and AA6082-T4/T6 undergo during the process of laser forming.
They observed that the universal hardness (HU) in the heated region of AA1050 after
30 irradiations increased about 15-30% in comparison to the initial hardness of
34249N/mm?, and there was a variation in hardness along the thickness of the heated
region. The increase in hardness on the irradiated surface was less than that on the lower
surface of the sheet. This is because that the initial state of AA1050 has a grain structure
with a dislocation substructure. After 30 irradiations (approximately 50° bending angle),
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an inhomogeneous subgrain structure is produced and almost all dislocations are
situated in the subgrain borders, without any dislocations in the inner area of the
subgrains, which leads to work hardening and increasing in dislocation density.
However, the hardness in the heated region of AA6082-T6 decreased about 10-30% in
comparison to the initial hardness of 1400+28N/mm?. This is because that the initial
state of AA6082-T6 has a microstructure with semi-coherent precipitations, which
causes the plastic strains inside the crystal lattice, and these precipitations are dissolved
after one irradiation in the heated region. After 30 irradiations, an inhomogeneous
subgrain structure is produced in the heated region below the irradiated surface up to
500pm, and the dislocation density inside the subgrains is low [25].

Thomson and Pridham [90] studied the changes in material property associated
with laser forming of mild steel components. They observed that as the laser energy
input increased, the effective yield strength of the material enhanced and ductility
dropped, which would induce a higher degree of laser forming per pass. This is because
that the higher laser energy input will lead to an appreciable temperature rise and hence
result in a drastically increased carbon diffusion rate. Thus, the effects of deformation
by bending may be swamped by the diffusion of carbon atoms back to the dislocation
sites resulting in an increased yield strength.

Majumdar et al. [7] carried out experiments of laser forming of AISI 304 stainless
steel with 2 kW continuous wave COz laser. They observed that microhardness along
the cross-section of the laser-irradiated zone was 220VHN to 375VHN, which was

increased approximately 16% to 97% as compared to the base material (190VHN). The
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increased microhardness is attributed to the grain refinement (grain size varying from
1.5um to 2.5um) associated with the rapid quenching during the laser forming
process.

McGrath and Hughes [91] studied fatigue performance of laser-formed high-
strength low-alloy (HSLA) steel plate by using 5 kW continuous wave CO> laser. Metal
fatigue refers to the weakened condition induced in metal parts by repeated stresses or
loadings, ultimately resulting in fracture under a stress much weaker than that necessary
to cause fracture in a single application. They observed that the fatigue performance of
the laser-formed samples was better than the stock plate and mechanically formed
samples. This observation is attributed to the surface (work) hardening and the
compressive residual stresses induced in the component after the laser forming

application, both of which would result in a longer fatigue life [92].

2.3.2 Microstructure of the Material

There are many studies about the microstructure changes of the material after laser
forming process been published.

Cheng and Yao [93] analysed the microstructure of low carbon steel (AISI 1012)
after multi-scan laser forming process by finite element modelling. They observed that
the flow stress was more significantly influenced by the microstructure changes. This
is because that the softening effects due to recovery and recrystallization are out
weighted by the hardening effects due to the martensite transformation near the upper

surface in the laser forming process, which will lead to the microstructure change of
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the low carbon steel resulting in an increasing of the flow stress.

Fan et al. [94] investigated the effect of phase transformations on mechanical
behavior of AISI 1010 steel in laser forming. They observed that a dual o & y phase
region existed in the HAZ for the laser forming process, and the refined grains (around
10pum) in the HAZ were much smaller than those (average 25um ) in the base material.
This is because that at the upper surface, the predominant phase is the martensite
because in this area the peak temperature is above the nonequilibrium phase
transformation temperature Asne(1120K), so the ferrite was completely transformed to
the austenite during heating stage, and then the austenite was completely transformed
into the martensite during cooling stage due to the high cooling rate. In the middle of
the HAZ, since the temperature is about 997K during heating stage, only part of the
ferrite was transformed into the austenite, so after cooling a mixture of remained ferrite
and martensite was obtained. At the bottom, only very little of ferrite was transformed
the austenite during heating, so the remained ferrite was the main phase after cooling.

Cheng et al. [95] investigated the microstructure and mechanical property of the
microscale copper foils (thickness of 15um) after laser dynamic forming (LDF). LDF
is a new hybrid forming process, which combines the laser shock peening and metal
forming, with an ultra-high strain rate forming utilizing laser shock waves. They found
that the refined grain (much smaller and more uniform) and substructure were obtained
after LDF with heating. From the results obtained by Cheng et al., it can be seen that
before LDF, the grain size is about 15um to 25um with the standard deviation of 0.42.

After LDF, the microstructure is dominated by high dislocation density and subgrain
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structures. The subgrain size is reduced to about 0.15pum to 0.22pum with the standard
deviation of 0.31. And the large compressive stress generated after LDF was benefit for
the mechanical property of the copper foil, which was strengthened significantly due to
the refined structure and large dislocation density.

Liu et al. [96] studied the effect of single direction raster scanning (SDRS) and
cross direction raster scanning (CDRS) on microstructures and mechanical properties
of laser solid formed nickel-base superalloy Inconel 718 respectively. They observed
that the as-deposited microstructure of SDRS sample was composed of columnar
dendrites growing epitaxially along the deposition direction; but in respect of CDRS
sample, the continuous directional growth of columnar grains was inhibited and an
orientation deviation of dendrites in two adjacent layers increased. The grains of the
recrystallized CDRS sample were finer than the recrystallized SDRS sample. The
ultimate tensile strength of SDRS sample and CDRS sample was similar, and the
ductility of the SDRS sample was worse than the CDRS sample due to inhomogeneity
of grain size of the SDRS sample.

Palani et al. [97] performed the experiments on laser forming of 8mm FE-410 plate
by using 3 kW COx laser. They observed that the microstructure for upper layers of the
irradiated region has transformed into bainite and ferrite, and the depth of the bainitic
formation was around 0.6 to 0.8mm into the sheet thickness. The gains in the lower
layers were coarsened and elongated. The microstructure of the heat affected region
was similar to that of the unaffected region, only slight coarsening of the grains in the

heat affected region. The microhardness of the irradiated region (159HV-167HV) and
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heat affected region (264HV) were reduced considerably in comparison to the

unaffected region (340HV).

2.4 State of Art in Edge Effect Study

In the laser forming process, the main deformation occurs perpendicular to the laser
scanning path, but a small amount of deformation may occur along the laser scanning
path. The effect is most obvious at the edges of the workpiece, hence the term ‘edge
effect’. The edge effect in laser forming is contributed by the variation in the bending
angle along the laser scanning path [98,99]. The curved bending edge (see Figure 2.4.1)
in laser forming was contributed by several simultaneously occurring factors including
the temperature difference along the laser scanning path, the mechanical constraint
differences along the laser scanning path, and the shrinkage of material in the direction
of laser scanning path [13,14,100,101]. There are various of studies on reducing the
edge effect during laser forming process, which can be classified into three categories,
as the process parameters studies, the scanning strategies studies, and the different

clamping methods studies [14].
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Figure 2.4.1 Schematic of straight-line laser bending (a). showing no edge effects, (b).
showing edge effects characterized by the curved bending edge and non-uniform
bending angle varying along the scanning path a(x) [101]
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2.4.1 Process Parameter Study

Cheng and Yao [78] studied the effects of forced cooling on multi-pass laser forming.
They found that the forced cooling could be used to reduce the longitudinal and
tangential plastic strain differences to the laser scanning path direction resulting in
reduction of the edge effect.

Jamil et al. [102] studied the influence of non-conventional laser beam profile on
edge effects in laser forming of AISI304 stainless steel plate through numerical
simulation. They found that the triangular laser beam could reduce the variation in the

bending angle along the laser scanning path.

2.4.2 Scanning Strategy Study

Jha et al. [103] studied the edge effect and multi-curvature in laser forming of AISI 304
stainless steel. They found that the variation in the bending angle along the laser
scanning path could be decreased as the number of passes was increased, thereby
minimizing the edge effect. This behaviour can be attributed to the complex residual
stresses developed during subsequent laser scanning.

Magee et al. [13] used different laser scanning speeds to change the heat input over
the laser scanning path to reduce the edge effect. The results showed that a scanning
strategy of 20-40-28mm/s could improve the edge effect compared to a constant
scanning speed of 30mm/s. Shen et al. [104] performed a similar scanning strategy to
Magee et al. to reduce the edge effect. They used seven different laser scanning speeds
20-25-30-32-35-33-30-28mm/s over the laser scanning path (see Figure 2.4.2) and
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found that the scanning strategy of varying the scanning speed was effective for
reducing the edge effect. The bending angle variation reduced from 1.29° of a constant
scanning speed (30mm/s) to 0.38° of the scanning strategy of varying the scanning
speed and the corresponding relative bending angle variation reduced from 16% to
5.6%. This is because that more deformation will occur near the edges by reducing the

laser scanning speed near the edges, which can reduce the differences in bending angle.

Height Laser scan speed

Figure 2.4.2 A schematic of the variable speed increments for reducing edge
effects [104]

Safari and Farzin [105] studied the effects of different scanning strategies on laser
forming of tailor machined blanks, which were variable speed method (VSM), variable
power method (VPM) and variable beam diameter method (VBDM). The results
showed that VSM was the best scanning strategy for laser bending of tailor machined
blanks, which could reduce the differences in bending angles and curvatures of two
sections in tailor machined blanks, followed by VPM. The VBDM scanning strategy
was not a suitable method for laser forming of tailor machined blanks in comparison

with VPM and VSM.

HUI GAO 37 PhD Thesis



Advanced Laser Forming of Metallic Components

Shi et al. [106] studied the forming accuracy in multi-scanning laser forming of
low carbon steel DCO1. They tested four different scanning strategies to control the
variation in bending angle along the scanning path, see Figure 2.4.3. They found that
the variation in the bending angle along the scanning path was mainly dependent on the
temperature distribution along the scanning path. And the results showed that the
variation in the bending angle along the scanning path with the scanning strategy 3 and
4 was smaller than the scanning strategy 1 and 2, as shown in Figure 2.4.4 (a). The
relative variations in the bending angle were 16.22%, 13.51%, 9.61% and 8.53% by
using of the scanning method 1 to 4, respectively. This is because that the relatively
symmetrical temperature distribution can be obtained by using of the scanning method

3 and 4, as can be seen in Figure 2.4.4 (b).

4 4
3 3
2 2 2 2
1 1 1 1
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Figure 2.4.3 Four different scanning methods [106]
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Figure 2.4.4 (a). Comparison of the bending angle along the heating line with different
scanning methods, (b). The temperature distribution on the top surface along the heating
line with different scanning methods [106]
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2.4.3 Different Clamping Methods Study

Hu et al. [89,107] investigated the effect of the constraint conditions on edge effect in
the laser forming process. The edge clamping and sides clamping were employed in the
laser forming process respectively, as shown in Figure 2.4.5. They found that the edge
effect was reduced by clamping the two sides of the laser scanning path in comparison
to the conventional edge clamping. This is because that by using of the conventional
edge clamping, the plastic strain at the two ends of the scanning path is smaller than the
other regions, and the strain difference between the upper and lower surface is relatively
large at the two ends, which leads to a curved bending edge, as can be seen in
Figure 2.4.6. However, by clamping the two sides of the laser scanning path the plastic
strain distribution along the whole scanning line is more uniform than the edge
clamping. This is because that the two ends of the scanning path are fully constrained,
which produces more plastic strain. The uniform plastic strain distribution would lead
to small variation in the bending angle along the scanning path resulting in a reduction

of edge effect.

(b)

Figure 2.4.5 (a). Edge clamping, (b). Clamping the two sides of the laser scanning
path [89,107]
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Bending Edge

Figure 2.4.6 Edge effect characterized by the curved bending edge [89,107]

2.5 State of Art in Modelling of Laser Forming Process

The modelling research on the laser forming process has been carried out for nearly 20
years, which can provide the theoretical basis for prediction of the results and process
parameters in the laser forming process. In this section, the literature review for the
modelling of the laser forming process is classified into three categories, which are

analytical modelling, numerical simulation, and soft computing, respectively.

2.5.1 Analytical Models

Laser forming is an advanced forming method to use laser beam heating to deform the
workpiece. This process can be applied for rapid prototyping and deforming the metals,
non-metals, and brittle materials. Various analytical models have been developed to
explain the mechanism of the laser forming process and to predict the bending angle,
stress, and temperature distribution in the workpiece. This subsection briefly reviews
the analytical model of the linear laser forming process.

One of the simplest analytical models of laser forming was proposed by

Vollertsen [108]. In this model, the bending angle is proportional to the laser power and
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inversely proportional to the scanning speed of the laser beam and the square of the
workpiece thickness. The yield strength and elastic modulus of the material are not

taken into account in this model, and the analytical expression is given by

_ 3oynP

% = pCpvt?
Equation 2.5.1
where oy, is the bending angle, oy, is the coefficient of thermal expansion, P is the laser
power, n is the absorptivity of the material, p is the density, C, is the specific heat
capacity, v is the scanning speed, and t is the thickness of the workpiece.
The Vollertsen’s model does not consider the effect of the yield strength and
Young’s modules of the material on the bending angle. Yau et al. [109] added the yield

strength and Young's modulus of the material on the basis of Vollertsen’s model, and

the analytical expression is given by

_ 2lagnP  36Ly0,
~ 2pCpvt2 tE

Op
Equation 2.5.2
where E is the Young's modulus, oy is the yield stress, and Ly, is the half-length of the
heating region.

From Equation 2.5.2 it can be found that although Yau et al. consider the effect of
yield strength and elastic modulus, the model is only suitable for prediction of the
bending angle in the linear range between bending angle and line energy (nP/v).

Lambiase [110] developed a two-layer model based on the elastic bending theory,
in which the plastic deformation during heating and cooling stages was not considered.

In Lambiase’s model the thickness of the heated layer depends on the effective
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temperature distribution along the thickness of the workpiece. The analytical expression
is given by

_ 3nP(t — th) o,
pvCpt(t? — 3tty, + 3ty)

Ap
Equation 2.5.3
where t and t;, represent the thickness of the workpiece and the thickness of the heated
volume respectively, which are always estimated empirically.

Shi et al. [111] developed a model for estimating the bending angle in the plane
axis perpendicular to the laser scanning path. At the heating stage, the thermal
expansion not only occurs perpendicular to the laser scanning path, but also along the
laser scanning path, and the thermal expansion of the upper surface is greater than that
of the lower surface. At the cooling stage, the upper layer contracts, which leads to a

bending perpendicular to the scanning path. The analytical expression is given by

1
6.92nPay,wrz
Ay =

3 1
1'[5L2t(pCpkv)2
Equation 2.5.4

where w is the width of the workpiece, L is the length of the workpiece, and k is the
thermal conductivity.

Vollertsen et al. [32] developed an analytical model to estimate the relationship
between the bending angle and the sheet thickness, laser power, laser scanning speed,
elastic modulus and flow stress. The strain near the center of the laser beam is plastic,
while the strain far away from the center of the laser beam is considered elastic. The

analytical expression is given by
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Equation 2.5.5

Ueda et al. [112] derived an empirical expression to evaluate the influence of the
workpiece temperature, laser beam diameter and the thickness of the workpiece on the
bending angle. They found that the bending angle was in proportion to the parameter
[(D)4(Ty)*5(h)~17], in which D is the laser beam diameter, T is the upper surface
temperature of the workpiece, and h is the thickness of the workpiece. Meanwhile, they
also found that there was a linear relation between the temperature difference AT
between the upper and lower surfaces of the workpiece and the upper surface
temperature T, so that the bending angle could be estimated by the easily measurable
upper surface temperature Ts.

Gollo et al. [113] performed the statistical analysis of the effects of material
parameter, laser power, scanning speed, laser beam diameter, thickness of the
workpiece, number of passes, and pulse duration, on bending angle in laser forming
process by pulsed laser. They found that the factors which had most significant effect
on bending angle were number of passes, material parameter, thickness of the
workpiece, scanning speed, and laser beam diameter. The other factors, such as laser
power and pulse duration, had less effect on bending angle. The mathematical

expression is given by
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o, = 15.1 — 0.477M + 0.0012P — 0.84V + 7.66S — 7.86T + 4.01N —
1.74D + 0.000002P? + 0.070V? — 2.385% + 2.43T? — 0.554N? +

0.0552D?
Equation 2.5.6

where M is the material parameter, P is laser power, V is the scanning speed, S is the
laser beam diameter, T is the thickness of the workpiece, N is the number of passes, and
D is the pulse duration.

It is worth noting that in Equation 2.5.6 the material parameter M is a

nondimensional material parameter, which is given by

_ KMETALOAGY
KsuapCp
Equation 2.5.7

where kygrar 18 the thermal conductivity of the material of the workpiece, a is the
coefficient of thermal expansion, A is the absorptivity, oy is the yield stress, Ksy is the
thermal conductivity of the shielding gas, p is the density of the material of the
workpiece, and C;, is the specific heat capacity.

Eideh et al. [114] proposed a simple analytical model for estimating bend angle
during laser forming of the sheet based on elastic-plastic theory. They indicated that the
average error between the predicted and experimental results was normally between
about 20% to 50%. However, the present model provided a very good agreement with
the experimental results and the prediction error was reduced to 10%, and the model
could also be used for the estimating of the yield stress. The analytical expression is

given by
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_ 2doy (1 —v?)
v3Ec
Equation 2.5.8
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where d is the laser beam diameter, oy is the yield stress, v is the Poisson’s ratio, E is
the Young's modulus, and c is the distance from neutral axis to elastic plastic boundary.

Temperature distribution has great influence on the results of laser forming.
Therefore, several analytical models have been developed to estimate the temperature
distribution during the laser forming process by various researchers.

Woo and Cho [115] developed a new analytical solution to predict transient
temperature distributions in a finite thickness plate during laser surface hardening. This
analytical solution was obtained by solving a transient three-dimensional heat
conduction equation with convection boundary conditions at the surfaces of the
workpiece.

Cheng and Lin [116] developed an analytical model to describe the three-
dimensional temperature field for a finite plate with a Gaussian heat source moving at
a constant scanning speed. They observed that the distance between the center of the
laser beam and the local peak temperature increased slightly as the laser beam diameter
and the scanning speed increased. In addition, the peak temperature around the location
that was being heated increased as the power and the scanning speed increased, whilst
the lowest temperature decreased as the power and the scanning speed increased. The

three-dimensional transient temperature T (x, y, z) is represented as
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nP x=x)V+-y)+@E-z)*
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Equation 2.5.9
where Ty is the transformed room temperature, 1) is the absorptivity, a is the thermal
diffusivity, p is the density, C, is the specific heat capacity, and P is the laser power
generated at the point P (x', y’, z') at the time .

Shen et al. [117] developed an analytical method for treating the problem of laser
induced heating and melting in solids by suggesting a simple temperature profile. They
applied the analytical method to aluminum, titanium, copper, silver and fused quartz. A
discontinuity in the temperature gradient was obviously observed due to the latent heat
of fusion and the increment in thermal conductivity in solid phase. The effect of laser
power density on the melt depths for four metals were obtained. They found that
titanium needed least time to reach the fusion temperature and the vaporization
temperature among these four metals due to its low thermal conductivity although it
has relatively high fusion and vaporization temperatures.

Shi et al. [118] estimated the temperature field during laser forming by developing
an analytical model using convection and radiation boundary conditions. They used a
one-dimensional heat conduction model and only considered the variation of
temperature in the thickness direction to estimate the temperature during the laser
forming process. They indicated that this analytical model is more convenient for
practical applications compared with other analytical models of the temperature field,
because it does not include differential and integral calculus and does not need to
consider the temperature dependence of the material.
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Kumar and Dixit [119] developed an empirical model to estimate the maximum
top surface centre-point temperature during laser forming process. The empirical model

for prediction of the maximum temperature of the sheet is given by

nP

Dg.72 C1.0372V0_4D1.15t0.1
p

Tyrea = 0.954

+ Tamb

Equation 2.5.10
where Tpreq is the predicted temperature, 1 is the absorptivity, P is the laser power, D¢
is the thermal diffusivity, C,, is the specific heat capacity, v is the scanning speed, D is

the laser beam diameter, t is the thickness, and T, is the ambient temperature.

2.5.2 Numerical Simulation of Laser Forming

The numerical simulation can improve the basic understanding of the laser forming
process. Numerical models have been developed since the early 1990s. Ji and Wu [49]
carried out FE Modelling of transient temperature field formed in the laser forming
process. Kyrsanidi et al. [50] developed a 3D finite element modelling. The modelling
can be used for the non-linear transient coupled thermal—structural analysis, in which
the temperature dependent thermal and mechanical properties of the material are taken
into account. A sine shape was formed from a flat sheet by using this 3D finite element
modelling. Hu et al. [120] developed a 3D FE Modelling that includes a nonlinear
transient indirect coupled thermal-structural analysis accounting for the temperature-
dependent thermal and mechanical properties of the materials. The distribution of
stress—strain, residual stress, temperature and bending angle were obtained from

modelling. Vollertsen et al. [121] analysed temperature variation and bending angles in
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the laser forming process by finite difference method (FDM) and finite element method
(FEM). Zhang and Xu [122] developed a finite element modelling based on the
uncoupled thermal and thermo-mechanical theory for simulation of the pulsed laser
forming involving melting and solidification. They assumed that the laser beam is
uniform along the scanning path. Thus, a 2D thermal-stress model can be applied,
which greatly reduces the computational time. Safdar [123] studied the influence of the
different scanning strategies on the laser forming process by FE Modelling.

Several researchers carried out FE Modelling of the laser forming process by using
of commercially FEM packages, such as ABAQUS®, ANSYS®, COMSOL® etc. For
example, Holzer et al. [124] performed the FE Modelling for analysing BM by using
of ABAQUS®. Chen and Xu [44] developed a 3D FE Modelling to simulate the laser
forming process under the temperature gradient mechanism. They studied the thermal
and the mechanical properties of the material of the workpiece through the nonlinear
finite element solver, ABAQUS®. Edwardson et al. [56] performed the numerical
simulation by using of COMSOL® MultiPhysics of the multi-pass laser forming of
mild steel, Ti-6A1-4V and AA5251 by CO; laser. Labeas [125] developed a FE
Modelling for laser forming of aluminum alloy workpieces based on ANSYS® and it
was experimentally validated by single pass and multiple passes scanning strategy. For
validation of the thermal model, a deviation of about 7.6% was observed between the
experimentally measured temperatures and the simulated results, which indicated a
very good correlation. For validation of the mechanical model, a deviation of about 2%

to 8% was observed between the experimentally bending angle and the simulated
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results, which also indicated a very good correlation. Yilbas and Akhtar [126] predicted
the surface temperature, bending angle, and residual stress of the AISI 304 steel sheet
at Imm in thickness by using the commercially ABAQUS® FEM package. It was found
that the prediction of the temperature, residual stress, and bending angle had a good

agreement with the experimental data, as can be seen in Figure 2.5.1.
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Figure 2.5.1 (a). Temporal variation of predicted surface temperature along the scanning
path and thermocouple data, (b). Predicted bending angles and experimental results, (c).
Linear dependence of d (211) with sin(y)? [126]

The finite element modelling can provide good predictions of the results in laser
forming process; however, the computational time is large for some special cases, such

as the modelling of the coupled thermo-mechanical process with multi-pass scanning

strategy, which always runs one day to one week. In order to solve this problem, a
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number of researchers proposed various methods to reduce the computational time. It
is crucial of appropriate mesh refinement and time step to obtain accurate results within
a reasonable calculation time.

Pitz et al. [127] carried out numerical simulation of the laser forming process with
moving meshes for large aluminium plates (100mmXx100mmX2mm). The modelling
was accomplished applying the FE-software COMSOL Multiphysics. They indicated
that the Moving Mesh Method reduced the pure error to about 6% while it leaded to a
reduction to less than about 28% of the computing time and the larger the laser path the
more efficient became the Moving Mesh Method. The Moving Mesh Method allows
maintaining a high mesh resolution in areas with a high amount of material agitation
by moving along with the feed of the laser beam. The mesh is generated in base position
by meshing one domain in laser scanning direction finely. When the process starts the
finely meshed area is shifted to the boundary where the laser beam appears on the plate
compressing the coarse mesh on its left to a fine mesh as well and stretching the mesh
on its right. As soon as the laser beam reaches a defined position within the finely
meshed area the whole mesh proceeds synchronously to the laser beam. When the laser
beam has nearly completely crossed the plate the mesh stops having stretched one part
of the mesh and compressed the other where the laser will still move through. Thus, the
relevant zone and its close surroundings constantly show a high mesh resolution
acquiring a sufficient amount of data during the process.

Yu et al. developed [128] a finite element modelling to analyse the effects of the

refinement of mesh size on temperature distribution and final distortion, and the
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rezoning meshes technique was adopted in the FE modelling. They developed an
algorithm to generate rezoning meshes for rectangular plate, where it read the necessary
information for the mesh to be generated from an input file, and the output file from the
thermal and mechanical analysis in the previous step, and then generated the input file
for analysis in the next step. It can be found that the rezoning meshes could not only
reduce the computational time, but also had a good agreement with the experimental
results.

Zhang et al. [129] developed an efficient method for computing pulsed laser
bending. During pulsed laser bending, thousands of laser pulses are irradiated onto the
workpiece, thus, the computational time will be very large if simulating the thermos-
mechanical effect of all the laser pulses. However, Zhang et al. only used a few laser
pulses in the FE modelling. It was found that the total computational time was greatly
reduced, and the results were agreed with those obtained using the conventional
computation method. In addition, the experimental data and computational results were
consistent.

Zhang et al. [130] developed a 3D FE Modeling of laser forming to investigate the
minimum requirements of temporal and spatial discretization and mesh density on the
angular deformation of the plate to reduce the computational time of the modelling, in
which the spatial discretization is expressed as the number of the required elements
within the radius of laser beam, which will determine the total number of degree of
freedom; the temporal discretization is expressed as the number of required time

increments for a laser to move through a laser beam radius, which will determine the
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total time increments required; and the meshing density through thickness is expressed
as the number of elements in the thickness direction. Zhang et al. suggested that to
reduce the computational time caused by excessive degrees of freedom and obtain an
accurate solution for a 3D finite element model, the temporal discretization required at
least four time increments per radius and the spatial discretization required at least two
elements per radius and three elements through the thickness, which represented the
minimum requirements of FE modelling for the laser forming process.

Hu et al. [131] proposed a simple, robust, and accurate method for laser bending
modelling using multi-layered shell elements. The workpiece was divided into three
zones, heating zone, diffusion zone and cooling confinement zone in their model. Under
the TGM, the temperature gradient in the heating zone was relatively steep, but in the
other two zones were almost equal to zero. The element sizes were different in different
areas. They used three different models of solid, solid-shell and multilayered shell. The
simulation efficiency of the solid-shell model and the multi-layered shell model was
greatly improved due to the reduction of nodes and elements. The total number of nodes
reduced by 26.34% and elements by 20% in the solid-shell layer. The total number of

nodes reduced by 70.24%, and elements by 66.67% in the multilayered shell model.

2.5.3 Self-Computing Models

Self-computing refers to the use of self-learning methods, such as neural networks;
approximate reasoning methods, such as fuzzy set theory; and evolutionary

optimization techniques, such as genetic algorithms. Many efforts have been made to
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use artificial neural networks (ANN) for laser forming. Artificial neural network (ANN)
is a computational model that consists of several processing elements that receive inputs
and deliver outputs based on their predefined activation functions [15].

Barletta et al. [132] conducted a comparative study of various neural network
models of a hybrid forming (mechanical bending along with laser scanning to reduce
springback) using RBF, generalized feed forward (GFF), and MLP. They found that
MLP provided the best performance.

Palani et al. [97] developed an artificial neural network model based on the
experimental data for parametric investigation and prediction of the bending angles in
the laser forming process. The experiments were performed on 8mm FE-410 steel
sheets using CO> Laser with maximum power of 3 kW. In the parametric study, various
parameters were varied namely power (2 kW to 3 kW), number of passes (1 to 210),
scanning speed (10mm/s to 30mm/s), laser beam diameter (9mm to 13mm), and
frequency (500Hz to 20000Hz). The bending angle of the sheet was measured after
every 10 passes. The proposed artificial neural network model gave good results in
predicting the bend angle value with a mean square error of 0.005647 compared with
the experimental values.

Cheng et al. [133] proposed three supervised learning methods that used neural
networks to predict the bending angle in laser forming. A feed-forward back-
propagation multilayer perceptron (MLP) neural network was divided into hyperbolic
tangent activation function and logistic transfer function. And the third method was the

radial basis function (RBF) neural network, with which the best performance could be

HUI GAO 53 PhD Thesis



Advanced Laser Forming of Metallic Components

obtained. Dragos et al. [134] proposed the use of ANN for predicting bending angles
in laser forming based on the experimental data. Casalino [135] proposed a feed
forward MLP-ANN model with back propagation for laser forming. In an iterative
process, the number of hidden layer neurons varied from 6 to 20. Maji et al. [136]
predicted the bending angle in laser forming by using neural network and performed
inverse analysis. Maji et al. [137] conducted the similar studies on the pulsed laser
forming and dome surface laser forming.

Maji et al. [138] carried out forward analysis and inverse analysis of laser forming
process using both genetic-neural network (GA-NN) and genetic adaptive neuro-fuzzy
inference system (GA-ANFIS). In the forward analysis, the laser power, scanning speed,
laser beam diameter, and number of passes were set as input values, and the bending
angle was set as the output value. The results obtained from the forward analysis
showed that both the GA-NN and GA-ANFIS methods were able to predict the bending
angles in the laser forming process, which gave an average absolute percent deviation
of 7.98% to 9.55% compared to the experimental data. In the inverse analysis, the
bending angle was set as the input value, and the laser power, scanning speed, laser
beam diameter, and number of passes were set as output values. The results obtained
from the inverse analysis showed that both the GA-NN and GA-ANFIS methods were
also able to predict the process parameters in the laser forming process. In comparison
to the experimental data, these two self-computing methods gave an average absolute
percent deviation of predicted laser power from 5.34% to 5.44%, scanning speed from

2.93% to 3.09%, laser beam diameter from 12.29% to 12.36%, and number of passes
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from 12.42% to 16.31%. In addition, the GA-NN method was a slightly superior to the
GA-ANFIS method, which was due to the reason that the GA faced a more difficult
task for determining optimal knowledge base of ANFIS model compared to that of the
NN model.

The training and test data were divided randomly in all the above works. The
whole data in the work presented by Barletta et al. [132] were divided into 60% training,
15% cross-validation, and 25% testing data. A large amount of experimental data in the
work proposed by Dragos et al. [134] were equally divided into two halves each for
training and testing respectively.

Maji et al. [136,137,138] randomly divided 1000 data into two subsets of equal
size, in which a part of the 1000 date were the experimental values, and the remaining
data were generated by the regression model. One of the subsets was used for training
and testing the ANN, and the other subset was used for verification. The training and
testing data were interchanged to ensure the participation of both data in the training.

Pérez et al. [139] used MATLAB to develop an adaptive neuro-fuzzy inference
system (ANFIS) model for laser surface heat treatment, which could be used to predict
the maximum surface temperature of the workpiece at a particular sampling time from
the input parameters, viz. the laser power and the previous measured temperature.

Jovic et al. [140] used an adaptive neuro-fuzzy inference system (ANFIS) and
variable selection procedure to determine the parameters influence on the bending and
thickening of the shaped surface. The selection procedure was done to obtain the found

the process parameters which had the most influence on the bending and thickening of
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the shaped surface.

Cheng and Yao [141] determined the optimal process parameters for laser forming
of a desired shape based on genetic algorithm (GA). They indicated that the control
parameters, including laser power, scanning speed, length of the scanning line, and type
of fitness function, had significant effects on GA results. However, a large number of
iterations were needed to achieve convergence when the number of decision variables
was close to 30. Investigations showed that the algorithm control parameters and the
fitness function type had significant effects on the GA synthesis results. The selection
of a suitable fitness function is essential to achieve the balance among competing
objectives, such as forming time, geometric accuracy, and energy consumption.

Du et al. [142] improved the back propagation network (BPN) based on the
double-strand quantum genetic algorithm (DCQGA) to improve the accuracy of
bending angle prediction. And, the BPN-DCQGA network was trained and verified
through the sample experimental data. Moreover, this proposed network can be used to

enhance the rate of convergence and obtain higher training efficiency.

2.5.4 Inverse Model

In broad terms, an inverse modelling is the process of calculating from a set of
observations the causal factors that produced them, which starts with the effects and
then calculates the causes, such as calculating the density of the Earth from
measurements of its gravity field [143]. In laser forming, the inverse modelling can be

used to predict the process parameters and laser scanning strategy based on the required
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strain field or the target deformation.

Maji et al. [136] modeled and optimized the pulsed laser forming process based
on the response surface methodology. Eideh and Dixit [144] developed an inverse
modelling by measuring the temperature at two locations based on heuristic methods in
order to minimize the combined error between the predicted temperature and the
measured temperature at the two locations. Romer and Maijer [145] used inverse
modelling to calculate the power density distribution of the laser beam. Kim and Oh
[146] evaluated the heat transfer coefficient during heat treatment by the inverse heat
transfer formula of a two-dimensional finite element model. Woodfield et al. [147] used
the analytical inverse solution of unsteady one-dimensional heat conduction based on
two-point temperature measurement and semi-infinite boundary conditions to
determine the thermal diffusivity of solids. Shidfar et al. [148] used the conjugate
gradient method (CGM) to estimate the pulse parameter of the time-exponentially
varying laser pulse to obtain the surface temperature of the workpiece. Mishra and
Dixit [149] determined the absorptivity, thermal diffusivity, and laser beam diameter by
using the inverse thermal conduction method. They measured the temperature at one
location at the center of the lower surface of the workpiece at different time intervals
and used this measured temperature to estimate the thermal properties. Xu et al. [150]
used a combination of experimental and simulation results to estimate the absorptivity

of the material of the workpiece.
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2.6 State of Artin 2D and 3D Laser Forming

The laser forming process is famous for its incremental free forming, however, from
the point of view of the process control, these aspects of increased freedom become
more difficult to deal with. The number of options makes the problem ill-posed, as a
target shape can be implemented with various input parameters.

The literature presented in this section is divided into two categories. The first
category relates to the type of laser forming, treating the laser forming as two-
dimensional (2D) laser forming and three-dimensional (3D) laser forming. The 2D laser
forming process is commonly used for fabricating the shapes with single curvatures,
while the 3D laser forming process is commonly used for the shapes with double
curvatures. The second category reviews the type of control, as the open and closed
loop control. Open loop control is defined by planning the entire process before it starts.
Closed loop (also denoted as feedback control) requires monitoring of the process so
that the process can be adjusted by changing the input parameters in real
time [151-167].

In the laser forming process, the description of the shape is usually divided into
the target shape, initial shape, current shape, and final shape. The target shape is the
ideal or required shape for the laser forming process to achieve; the initial shape is the
starting or blank shape before any laser forming has been conducted; the current formed
shape is an intermediate shape between the initial and target shape, which needs to be
measured in a closed loop control; and the final formed shape is the shape obtained

from a specific irradiation strategy.
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2.6.1 2D Laser Forming

The 2D surface is associated with the formation of a \VV-bends, as shown in Figure 2.6.1.
These types of shapes are usually produced using traditional mechanical press brakes.
Although laser forming is unlikely to completely replace traditional mechanical press
brakes, there are many benefits to be gained from the experiments on laser forming of
the simple V-bends, such as the laser scanning path can be simplified to a straight line
from side to side, and irradiation strategy is given by the spacing between adjacent paths,
number of laser scans over each path, and energy input. Meanwhile, the evaluation of
laser forming result for a VV-bends is relatively simple and can often be reduced to
comparison of the current bending angle to the target bending angle. Therefore, it is

easier to study the laser forming process using a simple VV-bends.

Figure 2.6.1 A simple V-bends

2.6.1.1 Open Loop Control

Liu and Yao [151] used response surface methodology (RSM) to optimize a set of
parameters, including laser scanning paths, laser power, and scanning speed for laser
forming on a rectangular plate and a quarter-circle plate, as show in Figure 2.6.2. The

propagation of error technique was built into the design of the process as an additional
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response to be optimized via desirability function and hence make the design robust.
Response surface methodology (RSM) is a statistical technique useful for developing,
improving, and optimizing the process, which explores the relationships between
several explanatory variables and one or more response variables. The main idea of

RSM is to use a sequence of designed experiments to obtain an optimal response [152].
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Figure 2.6.2 (a) Linear parallel scanning paths on a rectangular plate and (b) Concentric
paths on a quarter-circle plate [151]

Kim and Na [153] used distance-based criterion algorithm and angle-based
criterion algorithm to determine the spacing between adjacent laser scanning paths in

laser forming of a given sine curved shape, as shown in Figure 2.6.3.

0 10 20 30 40 50 60 70

x (mm)

Figure 2.6.3 Target sine curved shape [153]

HUI GAO 60 PhD Thesis



Advanced Laser Forming of Metallic Components

The distance-based criterion algorithm uses the maximum distance between the

given sheet metal and the target shape as a criterion for a new forming point. If the

maximum distance is larger than the offset distance, the point at the maximum distance

is adopted as a new forming point. The angle-based criterion algorithm uses angles

between tangent lines as a criterion for making a forming point. The angle gradually

increases as the radius of the curvature decreases, so that more forming points can be

generated in a highly curved surface. The results obtained from this study showed that

the final formed shapes by these two algorithms were similar to the target shape, as can

be seen in Figure 2.6.4. However, Kim and Na compared the advantages and

disadvantages of the two algorithms, which were summarized in Table 2.6.1.
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Figure 2.6.4 Results of measurements of the final formed shape: (a). distance-based
algorithm, (b) angle-based algorithm [153]
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Distance-based criterion algorithm

Angle-based criterion algorithm

Advantage Disadvantage Advantage Disadvantage
Smaller maximum | Needs parameter No need for Larger maximum
error control parameter control error
~0.35mm (bending angles (bending angles ~0.6mm

are not constant) are constant)

Table 2.6.1 Advantages and disadvantages of each algorithm [153]
Shen et al. [154] performed the laser forming of plates by using two laser beams
scanning simultaneously along the two parallel lines through numerical simulation, as

shown in Figure 2.6.5.

Figure 2.6.5 Numerical simulation of two laser beams scanning simultaneously along
the two parallel lines [154]

The results obtained from this study showed that more deformation could be
achieved by using two simultaneous scans along the two parallel lines than by using a
single sequential scan along the same lines if the distance between the two parallel lines
was smaller than two times beam diameter, and if the distance between the two scanning
lines was larger than two times beam diameter then the plastic deformations would be
the same for the simultaneously laser scans and for the single sequential scan. It can be

explained from two aspects.
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From the point of view of the temperature field, when the spacing between the two
scanning lines are larger than two times beam diameter the temperatures generated by
the two laser beams are almost independent and the two temperature fields do not
interfere with each other. However, when the spacing between the two scanning lines
are within two times beam diameter, the two temperature fields interfere with each other,
and the temperature at the upper surface is higher than that at the lower surface. The
steep temperature gradient through the thickness of the plate will lead to more bends of
the plate towards the laser beam [154].

From the point of view of the plastic strains field, when the spacing between the
two scanning lines are larger than two times beam diameter the plastic strains generated
by each laser beam do not interfere with each other. The plastic strains developed in
each plastic zone are the same as those provided by the single sequential scan along the
same lines. In contrast, when the spacing between the two scanning lines are within two
times beam diameter, the plastic zones generated by each laser beam are overlapped in
some part and the corresponding plastic strain values are also larger. This indicates that
more plastic deformation will be generated by using two laser beams simultaneously
scanning along the two parallel lines than by using a single sequential laser beam

scanning along the same lines [154].

2.6.1.2 Closed Loop Control

Thomson and Pridham [155] were the first to recognize the necessity of the feedback

control in the laser forming process. They developed a feedback control system, which
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relied on the sensors to monitor the degree of deformation of the workpiece, then
compared it to a target value and adjusted the process parameters accordingly. They
decided that the best method was to use scanning speed as the control parameter due to
the limitation of the hardware. Adjusting the scanning speed could be achieved easily
and reliably during the laser forming process. A rule-based system was used to
determine the laser scanning speed in increments depending on the error between the
current deformation and the target value, and they suggested using fuzzy logic and
artificial intelligence to improve the rule-based system.

Kim and Na [156] modified the previous method [153] to improve the accuracy in
2D free curve laser forming. A feedback control for each single bending angle was
employed in this study by incorporating a statistical method. They indicated that the
statistical method was an appropriate feedback control algorithm for single bending
angles, which was very effective and accurate. However, the inevitable small remaining
errors in the laser forming process have an accumulating effect in a multi-pass laser
forming process, which will cause the overall shape to deviate slightly from the target
shape. Consequently, feedback control algorithms for 2D free curve laser forming were
proposed to improve the accuracy of the final formed shape. The main objective of
feedback control of multi-pass forming is to recalculate the forming points and
corresponding angles based on the previous forming error. Figure 2.6.6 shows the
results of the experiment with the feedback control, in comparison to the results

presented in Figure 2.6.4, the accuracy is greatly improved.
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Figure 2.6.6 Results of experiments with feedback control: (a). distance-based
algorithm, (b). angle-based algorithm [156]

2.6.2 3D Laser Forming

For fabrication of the 3D shapes, such as ship hull components, airplane fuselages and
automotive bodies, 2D laser forming is limited. Therefore, in order to advance process
for realistic applications, the investigation of the 3D scanning strategies becomes
essential. 3D surfaces are characterized by double curvature. To date there has been a
lot of research on 3D laser forming, most of which focused on investigation of laser
forming of the dome and saddle shapes, since they are the typical double curved surface,

as shown in Figure 2.6.7 [157].
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Figure 2.6.7 The typical double curved surfaces, (a). Dome shape, (b). Saddle
shape [157]

Both single and double curved surface can be defined by Gaussian curvature, and

the expression [158] is given by
K == k1k2

Equation 2.6.1
where K is Gaussian curvature, ki and k> are principal curvatures.

From Equation 2.6.1, it can be found that if both principal curvatures are of the
same sign (k;k, > 0), then the Gaussian curvature is positive, and the surface is said to
have an elliptic point. At such points, the surface will be a dome shape; if the principal
curvatures have different signs (k,k, <0), then the Gaussian curvature is negative, and
the surface is said to have a hyperbolic point. At such points, the surface will be a saddle
shape; if one of the principal curvatures is zero (k;k, = 0), the Gaussian curvature is
zero, and the surface is said to have a parabolic point. At such points, the surface will
be a single curved surface [158].

The single curved surface is the developable surface, which can be folded from a
flat surface without stretching or compression. Typically, the TGM should be the
dominant mechanism used to produce plastic bending strains and out of plane

deformation for a single curved developable surface. However, in comparison to the
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single curved surface, most of the double curved surfaces are the non-developable
surface, which cannot be produced from a plane surface without stretching or
compression or tearing. In order to laser form a non-developable surface such as the
dome and saddle shapes (assumed to be non-developable) significantly more in-plane
plastic strain must be induced than out of plane bending strain, which means that the
UM should be employed [12,15,34].

The three important factors need to be taken into account in 3D laser forming, are
scanning pattern, number of passes over the scanning pattern, and energy input. In
addition, the evaluation of 3D laser forming result is relatively difficult compared to
the 2D laser forming, the feature values need to be selected from the formed shape to
compare with the target values, such as the deflection of the points on the formed shape
or the curvature of the formed shape. The different strategies of the 3D laser forming

presented in the literature are summarized in the following subsections.

2.6.2.1 Open Loop Control

Kim and Na [157] performed the study of 3D laser forming of dome and saddle shapes
based on the geometrical information. The overall procedure of the 3D laser forming
process included three steps. In the first step, a group of small flat plane patches were
decomposed from the given double curved surface, which was an expansion of Kim
and Na’s geometrical approach used in 2D laser forming study as mentioned
before [153]. In the second step, the amount of shrinkage and the bending angle were

calculated by the planar development procedure, and the laser scanning paths were
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determined as the intersection lines between each plane patch. The final step was to
determine the process parameters from the data maps obtained by FE modelling, which
was matched to the bending and shrinkage data. Kim and Na indicated that the
calculation time was reduced significantly with this method compared to the stress—
strain analysis method and it was very easy to control the error bound by changing the
number of patches.

Liu et al. [159] developed an optimal approach to determine the laser scanning
paths and heating condition for laser forming of doubly curved shapes (pillow and
saddle shapes). In their study, the overall procedure of laser forming of the given doubly
curved shapes included three steps, which were determination of the required strain
field, determination of the scanning paths (scanning pattern), and determination of the
heating condition. In the first step, the required strain field to form the given doubly
curved shapes was obtained by developing the given double curved shapes into a planar
shape through numerical modelling. After the required strain field was determined, the
next step was to determine the scanning paths. They placed the scanning paths
perpendicular to the direction of the principal strains due to that in the laser forming
process, the highest compressive strains occur perpendicular to the scanning path and
in-plane orientation. The final step was to determine the heating condition. In their
study, the heating condition that needed to be determined were only laser power and
scanning speed, since the dimension of the workpiece and the laser beam diameter were

given. The relationship between the average principal in-plane strain, laser power, and
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scanning speed was created through FE modelling of single straight-line laser scanning
of a plate with the above material and dimension.

Gao et al. [160,161] proposed a finite element method-based methodology to
determine the laser scanning pattern and heating condition for laser forming of ship hull
shape. In their study, a large-deformation model was used to obtain the required strain
field to form the desired shape because the desired shape had a large deflection (30mm)
relative to its thickness (1.5mm). And the elastic FEM was utilized because the
development of a strain field from one shape to another was primarily a geometrical
problem and was independent of the material properties [141], which can simplify the
computation without altering the problem. The required strain field to form the given
ship hull shape was obtained by developing the flat sheet into the desired shape through
large-deformation modelling. Firstly, the top surface of the flat sheet was decomposed
into a group of sixteen patches with 25 nodal points, then gave different displacement
constraints on the points, which was corresponding to the height of the desired shape.

Kim and Na [157] performed the study of 3D laser forming of dome and saddle
shapes based on the geometrical information. The overall procedure of the 3D laser
forming process included three steps. In the first step, a group of small flat plane patches
were decomposed from the given double curved surface, which was an expansion of
Kim and Na’s geometrical approach used in 2D laser forming study as mentioned
before [153]. In the second step, the amount of shrinkage and the bending angle were
calculated by the planar development procedure, and the laser scanning paths were

determined as the intersection lines between each plane patch. The final step was to
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determine the process parameters from the data maps obtained by FE modelling, which
was matched to the bending and shrinkage data. Kim and Na indicated that the
calculation time was reduced significantly with this method compared to the stress—
strain analysis method and it was very easy to control the error bound by changing the
number of patches.

For forming of a given shape, there can be many different scanning patterns, as
shown in Figure 2.6.8, such as that Kim and Na [157] used cross paths to create both
dome and saddle shape. Shen et al. [162] used parallel scanning paths to create both
dome and saddle shape. Shen et al. [163] used discrete scanning paths to create the
dome and saddle shape. Maji et al. [137] and Yang et al. [164] used cross spider
scanning pattern to create the dome shape. Magee et al. [13] used concentric circular
scanning pattern to create the saddle shape. Safari and Farzin [165] created the saddle
shape by spiral scanning pattern. Gollo et al. [166] used spiral scanning pattern to create

the dome shape.
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(a) Cross paths irradiation pattern

(b) Parallel paths irradiation pattern

(c) Discrete paths irradiation pattern

(a) (b)

(d) Spider paths irradiation pattern

Figure 2.6.8 Examples of producing the dome and saddle shape by different irradiation
patterns [157,162,163,137]

2.6.2.2 Closed Loop Control

Abed et al. [167] developed a predictive and adaptive approach to closed loop control
the 3D laser forming of aluminium alloy AA5251 sheet into a desired shape with the
maximum deflection of 40mm, as shown in Figure 2.6.9. Abed et al. proposed that a

strategy of a one-off single pass to produce a required geometry with large deflection
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would be extremely difficult to predict and control. A more sensible method of
producing a required geometry would be to increment towards it over a number of
passes, taking surface measurements with online monitoring system after each pass so

as to have the ability to take account of any errors due to unwanted distortion.
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Figure 2.6.9 Interpolated points defining the desired shape [167]

The scanning strategy prediction in the study of Abed et al. was geometry based
the error between the current formed shape and the desired shape, which could allow
for the correction of the current formed shape if the desired shape was not formed by
the scanning strategy prediction in the previous pass. The forming rate and distribution
of the magnitude of forming across the surface were controlled in the closed loop by
the scanning speed. The results obtained from the study of Abed et al. showed that using
an iterative approach based on the error between the current and desired surfaces was
possible to produce a component to within a reasonable degree of accuracy, here, the
maximum error was -5mm and +3mm between the final formed shape and the desired

shape.
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2.7 Previous Laser Forming Research within the Laser

Group at the University of Liverpool

2.7.1 Laser Forming Research in Macro Scale

The laser forming research in macro scale within the Laser Group at the University of
Liverpool were mainly contributed by Magee, Edwardson, Abed, Carey, and Griffiths.

Magee [168] performed extensive empirical laser forming studies on aerospace
alloys, such as AL2024-T3 aluminium alloy and Ti6Al4V titanium alloy. Parametric
studies were carried out into the effects of the scanning strategy (single-pass and multi-
pass) and beam size on 2D laser forming of these materials, and also developed a laser
forming demonstrator for laser forming of part cylinder and initial prediction of the
required irradiation paths required for 3D forming. The studies on titanium alloy found
that both large and small beam size produced a TGM due to the low thermal
conductivity of the material. From the aluminium alloy study, it was found that BM was
induced with low scanning speed whereas higher scanning speed a TGM process was
prevalent, since the material has relatively high thermal conductivity. Magee indicated
that the thickening effect had greater influence on falloff in bending angle rate as the
number of scans increased. The edge effect was also mentioned in Magee’s studies.
Magee indicated that it was attributed to the changing in mechanical restraint on the
workpiece, temperature dependent material properties, and contraction in the laser
moving direction. The effect could be minimized by reducing the energy input at the

edges of the workpiece.
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Edwardson [15] carried on a number of empirical laser forming studies and FE
modelling on mild steel (CR4), titanium (TiAl4V), and aluminium alloy (AA1050 and
AA6061 0/T4/T6) of various thicknesses from 0.9 to 1.6 mm. The process maps for
each material were obtained by using of various beam diameters, laser powers and laser
scanning speeds, which also revealed the unique forming characteristics of each
material and concluded that the thermal conductivity, material strength and material
thickness were the major factors for the variation in the process out comes. The effect
of the dwell time between scans was investigated and it was found that too long dwell
time between scans lead to a reduction in thermal gradient along the thickness, but too
short a pause did not reduce the flow stresses present.

3D laser forming work carried out by Edwardson consisted of empirical studies
and the development of an adaptive 3D laser forming system based on the geometry-
based model through Matlab. A number of different techniques were employed in
Edwardson’s 3D laser forming studies, such as Bezier surface patch technique and
contour lines of constant high, which was found to give reasonable prediction of the
scanning strategy for the production of the target shapes.

Abed [169] studied the effect of the edge clamping and V-clamping on multi-pass
laser forming process. It was concluded that the method of clamping had an effect on
the current bending angle and the bending rate per pass. Abed found that the area of the
beam was distorted with increasing of the bending angle using traditional edge
clamping, which would reduce the energy density and result in the reduction of the

efficiency of the laser forming process. However, it was found that after 25 passes no
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reduction in bending rate per pass was observed using V-clamping, which was due to
that the laser beam was kept perpendicular to the bending region during the laser
forming process if using this type of clamping.

Most of Abed’s work concentrated on the development of a closed-loop controlled
3D laser forming based on the geometry model. Abed proposed that a strategy of a one-
off single pass to produce a required geometry with large deflection would be extremely
difficult to predict and control. A more sensible method of producing a required
geometry would be to increment towards it over a number of passes, taking surface
measurements with online monitoring system after each pass so as to have the ability
to take account of any errors due to unwanted distortion. The scanning strategy
prediction was geometry based the error between the current formed shape and the
desired shape, which could allow for the correction of the current formed shape if the
desired shape was not formed by the scanning strategy prediction in the previous pass.
The forming rate and distribution of the magnitude of forming across the surface were

controlled in the closed loop by the scanning speed.

Carey [170] carried out the experimental and numerical studies into the laser
forming of Fibre Metal Laminate materials (FML) with low power Nd:YAG laser
(35 W). Carey identified that the effect of the FML parameters on laser forming process
could be split into two main aspects, the stacking sequence and the fibre orientation.

From the aspect of stacking sequence, the cumulative bending angle decreased
with increasing number of layers in the laminate due to laser forming mechanism
occurring only in the top layer of the laminate, therefore the amount of force required

to mechanically form the lower layers also increased as the number of layers increased.
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Since there was a finite amount of force generated by the laser forming process for a
given set of parameters, the bending angle produced was reduced. In addition, the
bending process was affected by the increasing number of layers in the laminate in
various ways. The spring-back occurred when number of layers in the composite was
low (1:1 and 2:1). This was due to the lower effective Young’s modulus of the laminate.

From the aspect of fibre orientation, Carey found that both cumulative bending
angle and bending rate per pass reduced as fibres were orientated away from the
direction of forming, which was consistent with offaxial loading of composites. Carey
also found that the effect of fibre orientation on the bending process was to reduce the
springback of 1:1 laminate and introduced a large counterbend, which was due to the
increased effect of thermal contraction occurring during the curing cycle.

Griffiths [171] performed a study on laser forming of square section mild steel
AISI 1010 tubes for the automotive industry through experimental study and numerical
simulation. The FE modelling was used to develop the scanning strategy and predict
the optimal process parameters for axial bending of the tube. From Griffiths’s study, it
was concluded that the scanning strategy for laser bending of the tube was to induce an
in-plane shortening mechanism on three sides of the tube using the process parameters
associated with the buckling or upsetting mechanism, the optimal scanning strategy can
be seen in Figure 2.7.1. A tapered compression was generated around a central axis,

which resulted in the tube bending towards the laser beam.
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Figure 2.7.1 The optimal scanning strategy for bending of the square section tube.
Dashed-dot lines represent irradiation path and direction, number represents the
scanning sequency [171]

2.7.2 Laser Forming Research in Micro Scale

The laser forming research in micro scale within the Laser Group at the University of
Liverpool were mainly contributed by Griffiths.

Griffiths [171] developed a novel technique for thermal laser micro forming of
micro scale actuator style components (50pum and 75um thick AISI 302 stainless steel
sheet) using picosecond laser. A localised heat build-up on the top surface of micro-
scale components was generated by using of the picosecond laser due to its ultra-short
pulse duration and high repetition rates, which achieved for controlled and repeatable
micro-adjustment.

Griffiths identified that a relatively large range of deformation was found to be
produced through a combination of hatched and single line scanning paths with varying
laser power and scanning speeds.

Griffiths indicated that the pulse duration was an important factor in laser micro
forming. This is because that too short pulse duration would cause significant material

removal by ablation, thus, an appropriate pulse duration needed to be determined in
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order to limit the heat diffusion depth to within a suitable range on the top surface of
the component. In addition, Griffiths also found that the repetition rate and pulse
overlap must be high enough to ensure sufficient build up in temperature on the surface

of the component for thermal forming.

2.8 Synopsis for Present Research

The information gathered from the literature review in this chapter reveals that to date
there has been a considerable number of studies carried out on 2D and 3D laser forming.
However, the laser forming process has less actual industrial applications compared to
laser cutting, laser welding, and additive manufacturing. Moreover, there is limited
research related to accuracy control the forming process to produce a target component.
This means that the laser forming process still needs to be further studied.

The first work presented in this thesis is to develop an advanced scanning strategy
to improve the controllability of the process and produce a two-dimensional component
independent of material and process variability and this work is also to prove the
manufacturing capabilities of the LF process at attempt was made to produce an actual
car body component, which is linked to the Audi commercial project. The required ‘U’
shaped component with three different bending angles 20°, 40° and 60° from Audi AG
was identified as an ideal candidate for laser forming.

For practical industrial applications, in addition to single curved shapes, most
components have a double curved geometry, such as ship hulls, pillow shape, saddle

shape etc. Therefore, it is necessary to consider 3D laser forming in order to advance
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the application of laser forming in the actual manufacturing environment. The second
work presented in this thesis is to develop an advanced 3D laser forming methodology
for producing a double curved shape to within a small degree of error to the target shape.
The component with a ship hull geometry was chosen for 3D laser forming

investigation in this thesis, which is supplied by a ship building company.
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Chapter 3

Experimental and Simulation

Procedures

This chapter covers the general experimental set-up, finite element modelling, and
procedures for separate investigations, such as investigations of 2D and 3D laser

forming undertaken for this thesis.

3.1 General Experimental Set-up

This section describes the general experimental set-up used throughout this thesis. It
contains the laser system, workstation, the use of absorptive coatings and the materials

used in the experimental studies.

3.1.1 Laser System

3.1.1.1 The PRC 1.5kW CO:

The laser used for all the laser forming processes performed in this thesis was a 1.5 kW
CO; (wavelength 10.6um) fast axial flow (FAF) continuous wave (CW) laser with a
Class 4 safety designation manufactured by PRC. This laser has a folded cavity to
conserve space and increase the cavity length (Figure 3.1.1). A general rule with the
cavity is that the longer the cavity is the more power output it can produce. The cavity

is housed in the lasers casing (Figure 3.1.2) along with the vacuum pump, blower, heat
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exchanger and power supply.

Figure 3.1.1 PRC 1.5kW CO; Laser

Figure 3.1.2 Laser Cavity, Heat Exchanger and Cavity Discharge

The active medium in CO; laser is carbon dioxide gas. The carbon dioxide
molecule is made up of a carbon atom covalently bonded to two oxygen atoms. While
constrained by the atomic bonds between them, these atoms naturally oscillate about
each other as a result of thermal energy. The working principle of the CO; laser is that
a photon of 10.6um wavelength is produced as the CO> molecule transforms from an
upper energy state to a lower level. The production of carbon dioxide molecules in the

various energy states is achieved in the cavity by subjecting the gas to a high voltage
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electric discharge. The nitrogen is added to the carbon dioxide in order to maintain a
high population of upper laser level molecules due to that nitrogen has one excited state
and the energy level of this excited state is very close to that of the upper energy state
of carbon dioxide. Hence, a transition directly to the upper energy state of carbon
dioxide will occur when the excited nitrogen molecules collide with unexcited state of
carbon dioxide. However, the carbon dioxide must be kept cool in order for this
transformation to take place. This is achieved by adding helium to the cavity gas
mixture due to its high heat conductivity. The helium is used to absorb energy by
collision with the carbon dioxide molecules in the bottleneck intermediate state and
transfer this energy as heat to the walls of the laser cavity and remove it [15].

The three constituent gases are fed into the laser cavity from three large gas bottles,
each with its own flowmeter to ensure an accurate gas mixture, a high voltage (HV)
power supply and cooled water from central water-cooling system to cool the heat
exchangers and optics. The optimum gas mixture in the laser cavity is around 78%
helium (He); this is for good conduction and stabilisation of the plasma, 13% N3, for
the exciting of cold CO» to the upper energy state, and 10% CO- as the active medium.

The laser used in this thesis has an M? of approximately 2.5. M? is a measure of
laser beam quality, which represents the degree of variation of a beam from an ideal
Gaussian beam (M? = 1). M? is related to wavelength of the laser, the beam radius at
the beam waist after the focus lens, and the divergence angle. Therefore, M? can be
measured by placing an array detector or scanning-slit profiler at multiple positions

within the beam after focusing it with a lens of high optical quality and known focal
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length [172]. The laser used in this thesis has a ‘top hat’ energy distribution which is
advantageous in laser forming as a larger area of the surface can be heated equally

minimising the melting on the centre of the irradiation track.

3.1.1.2 Selection of Beam Diameter

As mentioned earlier, a defocused laser beam needs to be employed in the laser forming
process, of which the diameter is related to the focus lens to workpiece stand-off (Z
position), the lens focal length of the focus lens, the M? of the laser, the wavelength of
the laser, and the diameter of the parallel beam before the focus lens [16]. In this thesis,
the defocused beam diameters were determined using burn prints in plywood at various
focus lens to workpiece stand-off. The z-axis was moved up Smm after a burn print has
been created, which allowed a measurement of the beam diameter to be taken at Smm
intervals. The actual effective beam diameter is taken as the inner ring of higher
intensity and not the overall diameter due to the slight halo of lower intensity of the
“top hap” beam profile. A large diameter nozzle and a small amount of compressed air
is delivered coaxially to cool the lens and protect against debris for this test and
throughout the laser forming studies. An example of burn prints in plywood is given in
Figure 3.1.3. It needs to be noted that although the defocus beam diameters can be
obtained directly in this way, there is a testing error, therefore the advanced optical
testing device can be used to measure the defocus beam diameters, such as CCD, Beam

Watch and Focus Monitor.
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Figure 3.1.3 Burn prints in wood at Smm Z steps, focus lens with 190mm focal length,
200mm — 325mm stand-off

3.1.1.3 Selection of Laser Power

The power of the laser is selected manually on a handheld control box. The reading of
the power is based on a calibrated thermocouple measurement from the back mirror of
the cavity. This reading is the laser power leaving the cavity at the output window but
not for the power at the workpiece. This is due to a number of mirrors used to guide the
beam to the workstation there is some power loss each time the beam is turned, the
mirrors and lens absorb some of the incident energy (the optics heat up and hence have
to be water cooled). Because of this a power reading is taken at the sample for varying
powers at the laser. This reading is taken using a power puck. A power puck is a
calibrated device whereby the temperature rise, in a coated black metal block exposed
to a laser beam, is directly proportional to the incident laser power. A graph to correlate
the relationship is then plotted as shown in Figure 3.1.4. This graph is then used to
determine the power required on the laser to achieve the required power at the surface

of the workpiece.
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Power Offset Between Laser Power Meter and Work Surface
Power Puck Measurement (06/08/2016)
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Figure 3.1.4 Power offset calibration graph

3.1.1.4 Beam Delivery

The laser beam was delivered approximately 3.5m to the processing head via three gold

coated copper turning mirrors (45° fixed) and enclosed in flight tubes. The processing

head contains a water-cooled zinc selenide (ZnSe) coated focus lens and the co-axial

nozzle arrangement as shown in Figure 3.1.5.

L5SKW PRC CO: LAESR

4| co-axial nozzle

Turning mirror 1

‘Workpiece

Figure 3.1.5 The schematic of the beam delivery system, a defocused beam placed on
the upper surface of the workpiece

HUI GAO

85 PhD Thesis



Advanced Laser Forming of Metallic Components

3.1.2 Workstation

3.1.2.1 Part Manipulation

The workstation consists of a 3 axis CNC moving stage driven by linear motor. The
tables and control system are based around the Aerotech, Inc., A3200 Software-Based
Machine Controller. Aerotech PRO115LM-300 Mechanical-Bearing Direct-Drive
Linear Stage is for x & y-axis movement under the laser with the maximum travel speed
of 300mm/s, accuracy of +1.5pm and maximum 300mm of travel. ATS150-200
Mechanical Bearing, Screw-Driven Linear Stage has the maximum 300mm of travel is
for z-axis movement with the maximum travel speed of 115mm/s and accuracy of +1
um, which provides the focus control and various beam size selection. The CNC
moving stage is placed in a completely enclosed system within an interlocked cabinet

with an observation double door as shown in Figure 3.1.6.

Figure 3.1.6 The CNC moving stage placed in an interlocked cabinet
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3.1.2.2 Control System

The CNC moving stages are controlled by an A3200 Software-Based Machine
Controller as mentioned before. The A3200 is software-based (no PC slots required)
and marries a robust, high performance motion engine with I/O in one unified
programming environment that is programmable in native RS-274 G-code. All of the
external signals including encoder and 1/O are fed directly into the drive, allowing one
cable to be used between the PC and the drive. Drives are networked together with a
single cable. The Operator Interface provides a traditional CNC look and feel for
operating a machine running G code as shown in Figure 3.1.7. The interface provides a
multi-axis readout with position, velocity shown in user units, immediate command,
Manufacturing Operations Optimizer (MFO), program scan during execution, modal
status, and a multi-axis jog screen. Typical cycle start, stop, feed-hold, and system stop
buttons are included. The operator can open and load a new program, watch status, and
manually control the machine. The CNC programs (G code and M code) for controlling
the moving stage and laser were all generated in Alphacam as can be seen in

Figure 3.1.8.
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Figure 3.1.7 A3200 CNC Operator Interface

ENABLE X Y Z ;Turn On Servo Loop Control for the Axes
HOME Z

HOME XY
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G76 ;Feed Speeds Units/Second
G90 ;Absolute

M52 ; CW Mode

M60 ; Beam On

M66 ; Ramp Up Laser

FSFEED ;Feed Speed mm/Second
G54 XSDATUM X YSDATUM_Y ZSDATUM _Z
GO X-44.33 Y-49.839

GO Z0.

M300 ;Gas 1 On

M100 ;Shutter Open
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Figure 3.1.8 The CNC programs (G code and M code) for controlling the moving stage
and laser shutter open or close generated in Alphacam

3.1.2.3 Measurement System

The MICRO-EPSILON scanCONTROL2700-100 laser scanner with a measuring
range of 100mm and a resolution of 15um for 2D/3D measurements is integrated with
the system for all of the studies in the thesis. The sensor is mounted on the z moving
stage. The operating principle of the laser scanner is based on the laser triangulation

principle for two-dimensional profile acquisition of a height profile of various target
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surfaces. A laser line is projected onto the target surface via a linear optical system onto
the target surface. A high-quality optical system projects the diffusely reflected light of
this laser line back onto a highly sensitive sensor matrix. In addition to the calibrated
distance information (z-axis vertical height from ground), the controller, integrated into
the sensor head, uses this matrix image to calculate the position along the laser line
(x/y-axis). This generates calibrated matched measurement values (z, x/y) which are
than output as a precise line profile. Regardless of the position or angle the profile data
are absolute calibrated data sets in a two-dimensional coordinate system that is fixed in
respect to the sensor. In the case of moving objects or a traversing sensor, it is therefore
possible to obtain a precise 3D image of the target as well as an intensity image at the
same time. The measurements for 2D bending angle and 3D profile can be seen in

Figure 3.1.9 and Figure 3.1.10.

oot 2o glefEQllols)  (aw ([E (

| Angle [°] 120.340

[ Active: scanCONTROL 2700-100 v30-06 <F1> Help

Figure 3.1.9 Bending angle measurement by laser scanner
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Figure 3.1.10 Surface measurement by laser scanner

3.1.2.4 Workpiece Constraints

The workpiece clamping is one of the important factors in laser forming, which
provides a mechanical constraint during the heating process. Therefore, different
methods of clamping will affect the final deformation of the workpiece [42,45] . There
are two different methods of clamping the workpiece in the investigations carried out
in this thesis. An edge clamping is used for laser forming of single curved shape (2D
laser forming) ( Figure 3.1.11 (a)). It is the simplest method of constraint and doesn't
require a hole to be drilled into the workpiece. For laser forming of double curved
component (3D laser forming) a centre clamping ( Figure 3.1.11 (b)) is used, which
requires a hole to be drilled into the centre of the workpiece. Although drilling the
workpiece will generate additional pre-stressing, fixing the workpiece was essential to
avoid any unwanted movement. In addition, any problems with the weight of the
workpiece limiting the amount of forming available can be alleviated by raising the

workpiece off the working bench.
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(a). Edge clamping for 2D laser forming  (b). Centre clamping for 3D laser forming
Figure 3.1.11 Different types of clamping

3.1.3 Absorptive Coating

The absorptivity of the material plays a vital role in laser material processing, and the
energy input to the material will increase as the absorptivity increases. It can be seen in
Figure 3.1.12, the absorptivity of the metals decreases as the wavelength increases,
especially when the wavelength exceeds 10pm, the absorptivity of the material is
extremely low.

In metals, the radiation is predominantly absorbed by free electrons in an “electron
gas”. These free electrons are free to oscillate and reradiate without disturbing the solid
atomic structure. As a wave front arrives at a surface of the target then all the free
electrons in the surface vibrate in phase generating an electric filed 180° out of phase
with the incoming beam creating “electron gas”. This “electron gas” within the metal
structure means that the radiation is unable to penetrate metals to any significant depth,
only one to two atomic diameters or free paths, thus metals are opaque and they appear

shiny [15,16].
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There are many ways to increase the absorptivity of the material, such as using a
shorter wavelength laser, increasing the power density, and changing the surface
conditions. However, as mentioned earlier, the CO> laser with the wavelength of
10.6pm was used throughout in this study, and the power density involved in laser
forming was relatively low (102-10* Wem™?) compared to laser cutting (>107 Wem™)
[14,16]. Therefore, changing the surface conditions is usually required when using this

laser type in laser forming process [52,69,70,71,72,73,74].
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Figure 3.1.12 Wavelength dependence of the absorptivity of different metals [173]

There are many methods can be applied to change the surface conditions of
materials, such as roughening of the surface, which includes sandpaper roughened and
sandblasted, oxidising the surface, and coating the surface [16]. Typical values of the
reflectivity and absorptivity of various surfaces to 10.6um radiation for perpendicular

laser beam incidence is summarised in Table 3.1.1.
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Reflectivity % Absorptivity %
Direct | Diffuse | Total Total
Sand Paper roughened (1um) 90 2.7 92.7 7.3
Roughening Sandblasted (19um) 17.3 14.5 31.8 68.2
Sandblasted (50pm) 1.8 20 21.8 78.2
Oxidising Oxidised 1.4 9.1 10.5 89.5
Coating Graphite 191 3.6 22.7 77.3
Molybdenum disulfide 55 4.5 10 90

Table 3.1.1 Typical values of the reflectivity of various surfaces to 10.6um radiation for
perpendicular laser beam incidence [16]

Absorptive coatings are the most common means to increase the absorption of CO2
laser radiation and widely used in industry. The coating layer absorbs laser energy and
transfers the released heat to the workpiece [16].

The coating used throughout the studies in this thesis is graphite, which is quoted
to have an absorptivity of 77.3 % (Table 3.1.1). Since graphite is manually sprayed onto
the surface of the workpiece through a spray can, the uniformity and consistency of the
coating layer cannot be guaranteed, which will cause the non-uniform heat transmission
to the surface of the workpiece. It is possible to evenly cover the smaller samples, but
for larger samples, it is very difficult. In order to make graphite have good and uniform
adhesion on the surface of the workpiece, the sample will be cleaned with acetone to
remove any surface contaminants before coating.

The uneven coating layer thickness will cause non uniform heat transfer to the
metal substrate, thus affecting the accuracy and stability of the process. In addition, it
can be seen from Figure 3.1.13 that the longer laser interaction time and the higher

intensity of the laser beam will cause the degradation of the coating more seriously
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resulting in the reduction of heat transmission to the workpiece. However, re-coating
was not used throughout the studies in this thesis, this is because that normally for
optimum adhesion a surface should be cleaned with acetone first, however, this was
thought to be not suitable for the current experimental conditions. Because there is no
visual positioning system, once the workpiece is removed from the clamping for re-

coating, it is difficult to ensure the alignment of the laser for the next pass.

Graphite coating on mild steel CO2 laser
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Figure 3.1.13 Dependence of coupling rate of coated surfaces on interaction time and
incident intensity [5]

3.1.4 Materials used in this Thesis

There are three materials used for the studies in this thesis, which are mild steel DCO1,
AA6061-T6 and mild steel S275, in which mild steel DCO1 and AA6061-T6 (supplied

by Audi) were used for 2D laser forming studies, mild steel S275 was used for

investigation of 3D laser forming.

HUI GAO 94 PhD Thesis



Advanced Laser Forming of Metallic Components

3.1.4.1 Mild Steel DCO01

The first material used in the investigation of 2D laser forming is 0.89mm thick mild
steel DCO1, a European standard cold-rolled quality low-carbon steel flat product for
cold forming. It can be noted that D means (Drawing) flat products for cold forming, C
means Cold rolled and 01 means Drawing quality. The main application areas of the
DCOLI includes automotive industry, construction industry, electronic equipment and
home appliance industry, decorative purposes, food canning, etc. [174]. Technical data

on this material is listed in the following tables:

Composition Fe% C% S% P% Mn%

Weight 99.19 min 0.12 max 0.045 max 0.045 max 0.60 max

Table 3.1.2 Material composition in weight percentage of Mild Steel DCO1 [174]

Density Young’s Tensile Yield Shear Bulk Hardness
Modulus Strength  Strength Modulus Modulus
[kg/m3] [GPa] [MPa] [MPa] [GPa] [GPa] [HV]

7870 205 365 305 80 140 108

Table 3.1.3 Mechanical Properties of Mild Steel DCO1 [174]

Melting point [°C] 1515

Thermal Conductivity [W/m K] 49 8

Coefficient of Thermal Expansion

[10/K] 20 °C 122

Coefficient of Thermal Expansion

[10-6/K] 250 °C 13.5
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Coefficient of Thermal Expansion

[10-6/K] 500 °C 14.2
Specific Heat Capacity
[J/kg K] 50-100 °C 448
Specific Heat Capacity
[J/kg K] 250-300 °C 536
Specific Heat Capacity
[10-%/K] 400-450 °C 649
Specific Heat Capacity
825

[10/K] 650-700 °C

Table 3.1.4 Thermal Properties of Mild Steel DCO1 [174]

3.1.4.2 Aluminum Alloy 6061 (AA6061)

The second material used in the investigation of 2D laser forming is Imm thick AA6061,
a non-ferrous wrought and age hardenable 6000 series aluminium alloy. AA6061 is a
general-purpose structural alloy. The main alloying elements are magnesium (Mg) and
silicon (S1). The temper designations mainly have O, T4, and T6. O denotes that the
alloy 1s annealed, and T indicates that the alloy is thermally treated to produce stable
tempers. In addition, T is always followed by one or two numbers which shows the
exact type of heat treatment, and more details of the processing of the alloy. The lowest
strength temper for wrought products is obtained by the O temper; AA 6061-0 is in the
softest possible condition because the strain hardening form cold working is reduced
by annealing. AA6061 in both of the T4 and T6 temper are solution heat treated and
cold worked. The main difference between these two tempers is that the T4 temper is
naturally aged to a substantially stable condition after solution heat treatment, but the
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T6 temper is artificially aged. Generally speaking, an alloy in the T4 temper owns
higher ductility and lower strength than the same alloy in the T6 temper. Because
AA6061 is easy to extrude, which can provide a variety of product forms such as sheet,
strip, plate, rod, forgings, tubes, pipes, wires, extruded parts and structural shapes. In
addition, AA6061 has good corrosion resistance, mechanical properties, formability,
weldability, and machinability, whose applications range from food and beverage
packaging, electronic products and home appliances, architectural decoration,
automotive to aerospace components [175]. Technical data on this material is listed in

the following tables:

Composition Al% Mn% Fe% Mg% Si%

Weight 96.2 min 0.15max 0.7 max 0.8-1.2 0.4-0.8
Composition Cu% Zn% Ti% Other (Each)% Other (Total)%
Weight 0.15-0.4 0.25max 0.15max  0.05 max 0.15 max

Table 3.1.5 Material composition in weight percentage of AA6061 [175]

Temper Density Young’s Tensile Yield Shear Hardness

Modulus Strength  Strength Modulus

[kg/m3] [GPa] [MPa] [MPa] [GPa] [HV]
0] 2700 69 125 55 80 32
T4 2700 69 249 145 165 71
T6 2700 69 310 275 205 102

Table 3.1.6 Mechanical Properties of AA6061 in various tempers [175]
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(0 T4 T6
Melting Range [°C] 582-652 582-652 582-652
Thermal Conductivity [W/m K] 180 154 166.9
Coefficient of Thermal Expansion
[10/K] 20 °C 23.6 23.6 23.6
Coefficient of Thermal Expansion
[10°5/K] 250 °C 25.2 25.2 25.2
Specific Heat Capacity
[10°/K] 20 °C 896 896 896

Table 3.1.7 Thermal Properties of AA6061 in three different tempers [175]

3.1.4.3 Mild Steel S275

The material used in the investigation of 3D laser forming is 1.5mm thick mild steel
S275, a non-alloy structural steel. Structural steels are used in many ways and their
application can be diverse. They are particularly useful because they are strong, tough,
ductile, formable, weldable, and equally as important, affordable [176]. Technical data

on this material is listed in the following tables:

Composition Fe% Si% C% S% P% Mn%

Weight 98.01 min 0.05max 0.25max  0.05max  0.04 max 1.60 max

Table 3.1.8 Material composition in weight percentage of Mild Steel S275 [176]
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Density Young’s Tensile Yield Shear Bulk Hardness
Modulus Strength  Strength  Modulus Modulus
[kg/m3] [GPa] [MPa] [MPa] [GPa] [GPa] [HV]

7900 200 370 275 79.3 140 147

Table 3.1.9 Mechanical Properties of Mild Steel S275 [176]

Melting point [°C] 1460

Thermal Conductivity [W/m K] 50

Coefficient of Thermal Expansion

[10-9/K] 20 °C 2
Coefficient of Thermal Expansion 13.1
[10/K] 250 °C '
Coefficient of Thermal Expansion 14.1
[10°/K] 500 °C '
Specific Heat Capacity 450
[J/kg K] 20 °C

Specific Heat Capacity 530
[J/kg K] 250 °C

Specific Heat Capacity 720
[10-%/K] 500 °C

Specific Heat Capacity 830

[10-6/K] 700 °C

Table 3.1.10 Thermal Properties of Mild Steel S275 [176]

3.2 Finite Element Modelling

In this thesis, the FE modelling of the laser forming process was carried out in
COMSOL Multiphysics version 5.2a, which is mainly focus on investigation of the
effect of scanning path spacing on laser forming process, which can provide the
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theoretical support for prediction of the scanning pattern in 3D laser forming study.

The following modules in COMSOL were used for FE modelling of laser forming
process: Geometry Module, which was used to create 3D geometric parts and define
laser scanning paths; Structural Mechanics Module, which was used for analysing
mechanical behaviour of solid structures, such as strain levels; deformations etc.; Heat
Transfer Module, which supports the fundamental mechanisms of heat transfer;
conduction, convection and radiation; and Material Library, which contains data for
3870 materials including the materials used in the thesis, and so the properties of the
material (mild steel S275) used in FE modelling, such as the thermal expansion
coefficient (), Young’s modulus (E), Poisson’s ratio (v), specific heat capacity (Cp),
thermal conductivity (k), density (p) and yield stress (oys) were all sourced from
COMSOL’s built in materials library.

The heat transfer theory and FE model development of laser forming process are
presented in the following subsections. Most of the details are sourced from COMSOL

Multiphysics Users Guide 5.2a [177].

3.2.1 Heat Transfer

3.2.1.1 Conductive heat flux

Conduction is a process in which transfer of heat takes place between objects by direct
contact due to temperature difference, which occurs in solids through molecular
collisions [41]. The basic law of heat conduction is the Fourier heating equation. The
heat transferred through a unit cross-sectional area in a unit time is proportional to the
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temperature gradient in the normal direction of the cross-section, namely:
V.q=—pCy—

Equation 3.2.1
q = —kVT
Equation 3.2.2
where p is the density (kg/m?), Cp, is the specific heat capacity (J/kgK), T is the
temperature (K), t is the time (s), and k is the thermal conductivity (W/mK). q is the
conductive heat flux vector (W/m?). The term V is the differential or gradient operator

for three-dimensional Cartesian co-ordinate systems.

3.2.1.2 Convection and Radiation heat flux boundary conditions

The inward heat flux, q, is often a sum of contributions from convection and radiation.

The special case qo = 0 is called thermal insulation.

do = 9conv T Grad
Equation 3.2.3

—N.q=(o
Equation 3.2.4

where n is the normal vector on the boundary, q, is the inward heat flux (W/m?), normal

to the boundary.

3.2.1.2.1 Convection heat flux

Convection refers to the form of heat transfer, in which energy transition occurs within

the fluid due to density difference, which occurs in fluids by actual flow of matter [41].
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A common type of convective heat flux boundary conditions can be seen in

Equation 3.2.5.

Qconv = h(Text - T)
Equation 3.2.5

where h is the heat transfer coefficient (W/m?K), Tey is the temperature (K) far away
from the modelled domain.

The overall heat transfer coefficient refers to the degree of which heat is
conducted through over a series of resistant mediums. It is influenced by the thickness
and thermal conductivity of the mediums through which heat is transferred. The larger
the coefficient, the easier heat is transferred from its source to the product being
heated [41]. In laser forming, the workpiece with fluid flow, which is air in this thesis,
on each side of it can be considered as a heat exchanger. Therefore, the overall heat

transfer coefficient, U, can be calculated as:

UA hA Z(

Equation 3.2.6

where U is the overall heat transfer coefficient (W/m?K), k,, is the thermal conductivity
(W/mK) of material in layer(n), hjg is the inside or outside wall individual fluid
convection heat transfer coefficient (W/m?K), s, is the thickness of layer n (m), A is
the wall area (m?).

In laser forming, a plane wall with equal area in one layer and the fluid on each

side is typically air, so the Equation 3.2.6 can be simplified to
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1+s+1
h, k h,

1
U
Equation 3.2.7

where h,, is the heat transfer coefficient of the air (W/m?K), s, is the thickness of the
workpiece, k is the thermal conductivity of material (W/mK).
The overall heat transfer co-efficient can be calculated as:

1

RN
htx

Equation 3.2.8

3.2.1.2.2 Radiative heat flux

In addition to conduction and convection, the third mechanism for heat transfer is
radiation. Thermal radiation denotes the stream of electromagnetic waves emitted from
a body at a certain temperature [41]. The object is fully opaque in this thesis. The
Surface-to-Surface Radiation Interface theory is described in this section. The total
incoming radiative flux is called irradiation and denoted G (W/m?). The total outgoing
radiative flux is called radiosity and denoted J (W/m?). This radiosity is the sum of

diffusively reflected and emitted radiation as depicted in Figure 3.2.1.

G Pd(s J

1 —

Figure 3.2.1 Incoming irradiation (left), outgoing radiosity (right)
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] = pgG + en?cT*
Equation 3.2.9

where pq is diffuse reflectivity, € is the surface emissivity, n is the refractive index, o is
the Stefan Boltzmann constant (5.67x10® W/m?K*), T is the surface temperature (K).

Laser forming process was in the air throughout the numerical modelling in this
thesis, so the refractive index n is 1, so the Equation 3.2.9 can be simplified to

] = pgG + eoT*
Equation 3.2.10

Therefore, the net inward radiative heat flux, q,,q is then given by the difference

between the irradiation and the radiosity:

Qrad = G —]
Equation 3.2.11

Using Equation 3.2.10 and Equation 3.2.11, J can be eliminated, and a general

expression is obtained for the net inward heat flux into the opaque body based on G and

T.

Qrad = (1 = pg)G — eoT*
Equation 3.2.12

Most opaque bodies behave as ideal grey bodies, whose absorptivity of a surface
does not vary with variation in temperature and wavelength of the incident
radiation [41]. For a grey body, the absorptivity and emissivity are equal, and no
radiation is transmitted through the body, therefore the relationship between

absorptivity, emissivity and reflectivity is described by Equation 3.2.13.
a=e=1-pg

Equation 3.2.13
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Thus, for ideal gray bodies, q,,q 1S given by:
Qraa = €(G — oT*)
Equation 3.2.14

Since G = oT,,;, , Equation 3.2.14 can be expressed as

Qrad = sG(T;mb - T4)

Equation 3.2.15

3.2.2 FE Modelling of Laser Forming Process

FE modelling presented in this section consists of three steps. The first step is to create
a heat source, the second step is to determinate meshing and solving time step, and the
third step is validation by experiment. It can be noted that a number of assumptions
have been made in developing the FE modelling, which includes:

e The initial temperature is constant.

e The material is isotropic and homogeneous.

e The thermal and mechanical properties of the materials will not be influenced

by the temperature.

e Absorption coefficient of the material is constant.

e Laser beam intensity distribution is Gaussian distribution.

e Consider the convection and radiation between the workpiece and the air.

e The material yields as per von Mises criterion.

e Plastic deformation does not cause volume change.

e The weight of the workpiece is negligible.

o Beam diameter is constant
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3.2.2.1 Creating heat source

For the laser forming modelling throughout this thesis, the intensity distribution of the
inward heat flux q, was assumed to be a Gaussian distribution with an absorption
coefficient (A) of 0.8 since in the experiments, the workpiece is coated with graphite,
whose emissivity is ~0.8. The distribution of the intensity of the beam with a power P
can be described with a Gaussian function, as shown in Equation 3.2.16, r is defined as
the distance from the centre of the beam, w is the Gaussian beam radius at which the
amplitude is 1/e? (= 13.5%) of its value on the axis, and I, is maximum intensity at the
centre of the beam at its waist as shown in Equation 3.2.17. So, the intensity of Gaussian

distribution can be expressed by Equation 3.2.18.

2
[=1,exp (—2 —2>
Wo

Equation 3.2.16

2AP
Ip =—
Tw§

Equation 3.2.17

2AP r?
[=—exp(—2—

Equation 3.2.18
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Figure 3.2.2 3D plot of Gaussian intensity distribution created in COMSOL

The inward heat flux q, and the distance from the centre of the beam r, in

COMSOL can be expressed as:

2AP r2
dn = ——e€xp|—2—
Twg w§

Equation 3.2.19

Iy = \/(X —Xp)?+ (y —yn)?

Equation 3.2.20

Using Equation 3.2.19 and Equation 3.2.20, the inward heat flux q, can be

expressed as:

an = 5 €XP >
0 )

2AP <_2 x—xn)*+ (y - Yn)2>

Equation 3.2.21

where x,, and y,, are the coordinates for the beam in x and y-axis respectively.
There are three different studies with different scanning strategies in the FE
modelling presented in this thesis. All the numerical simulations presented in this thesis

were conducted with 500 W of power, 50mm/s as the velocity and Smm for the beam
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diameter, which is one of the parameters setting used in the experimental work. The
dimension of the workpieces was 100x100x1.5mm and the material was mild steel
S275. Coordinate origin is the corner of the workpiece. The validation of FE modelling

was presented in the following subsection.

3.2.2.2 Determination of meshing and solving time steps

Meshing is one of the most memory-intensive steps when it comes to setting up and
solving a finite element problem. For example, different design of the mesh will lead
to different computational time [178]. There are four elements can be used to mesh the

3D geometries in COMSOL Multiphysics as shown in Figure 3.2.3.

Figure 3.2.3 Images of different element types. From left to right: a tetrahedron,
hexahedron, triangular prism, and pyramid [177]

Free meshing and swept meshing are the two most popular meshing methods in
modelling. The free mesh automatically creates an unstructured mesh with tetrahedral
elements, which is available for all types of geometries regardless of the shape of
geometry. And, the swept meshing, which contains prism elements or hexahedral
elements, starts at a source face and sweeps along to a target face (Figure 3.2.4) [177].
Each face about a subdomain that is to be operated on by the swept mesher is classified
as either a source face, a target face, or a boundary face. The boundary faces are the

faces linking the source and target face.
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In addition to meshing, the solving time step also has a great impact on the
accuracy and computational time of the modelling. In numerical simulation, since the
difference equation that implements the integration algorithm is always an
approximation of the exact solution of the differential equation, each step of the
integration algorithm introduces truncation and rounding errors into the approximate
solution. Therefore, in the unsteady numerical simulation, under the premise of
ensuring stability, the selection of the time step needs to comprehensively consider the
solving accuracy and time. Smaller time steps reduce truncation error but increase the
number of computations and thus rounding errors; while larger time steps increase
truncation error and often do not reflect changes in physical facts. However, the main
error is the truncation error, so the time step should be small enough to reduce the
truncation error and improve the accuracy of the simulation [179]. In order to determine
the appropriate time step, the modelling was carried out with three different time steps

0.05s, 0.1s and 0.2s.

Source |':lk‘c\ |

. Sweep direction
Boundary face i l

—_

™~

Target face

Figure 3.2.4 Schematic diagram of the sweep meshing
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Therefore, based on the factors above, a simple modelling was used for
determination of the meshing and solving time step. A laser beam was moving on a
single scanning line 50mm to the free end of the plate with 1 pass along y-axis, as
shown in Figure 3.2.5. Coordinate origin is bottom left corner of the plate. Thus, the
coordinate x,, of the beam remains constant while the coordinate y,, changes with time
(t) variant. The coordinate x,, of the beam is L/2, L is the length and width of the plate
100mm, and the coordinate y, changes with time variant, single pass can be expressed
as:

Y1 = Vot,

where v is the processing speed.

Free end

Fixed boundary

=

Figure 3.2.5 Schematic diagram of modelling of laser forming of a mild steel S275 plate
with the dimensions of 100x100x1.5mm with single pass. Red arrow line represents
the irradiation path and laser moving direction, Power 500W, Speed 50mm/s, Beam dia.
Smm

Figure 3.2.6 shows the free and swept meshing of the plate in the modelling. It can
be noted that extremely fine mesh applied in the laser scanning region, in which the
width of the dense band is equal the beam diameter Smm, and coarse mesh for the

remaining in order to avoid over-meshed and reduce the solving time.

HUI GAO 110 PhD Thesis



Advanced Laser Forming of Metallic Components

Figure 3.2.7 shows the simulation results of the displacement at the free end of the
plate in z-axis by using these two meshing methods after one pass. It can be found that
the results obtained by these two meshing have a good agreement with each other.
However, the simulation took 11 minutes to be solved by swept meshing and 17 minutes
by free meshing. This is because swept meshing contains 17874 elements, while free
meshing consists of 26149 elements. Compared with the free meshing, the swept
meshing further reduces the number of elements, thereby reducing the size of the model
and its computational complexity. In addition, it can be seen that there is a counter
bending of the part due to the thermal expansion of the surface layer, resulting in a
bending away from the laser beam at the beginning of the heating stage, which is

consistent with TGM.

Element size

0.5%0.5x1.5mm

(a). Free meshing (b). Swept meshing

Figure 3.2.6 Meshing of the plate by using two different meshing in the modelling, (a).
free meshing, (b). swept meshing
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Figure 3.2.7 Simulation results of the displacement at the free end of the workpiece in
z-axis by these two meshing methods after 1 pass

Figure 3.2.8 shows the simulation results of the displacement at the free end of the
plate in z-axis by using three different solving time steps after one pass. It can be
observed that almost the same displacement obtained by using the solving time steps of
0.05s and 0.1s, which is approximate 0.42mm (bending angle ~0.48°), and the
computational time is 1lmins55secs and Ilmins respectively; however, the
displacement is ~0.27mm (bending angle ~0.3°) by using the solving time step of 0.2s.
which has agreement with the experimental result (0.5°), however, the bending angle
was calculated as 0.3° at the time step of 0.2s.

It can be found that the simulation results obtained by using the solving time step
of 0.05s and 0.1s are closer to the experimental result (0.5°) and so it is decided to use

the solving time step of 0.1s and swept mesh for the following simulation.
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Figure 3.2.8 Simulation results of the displacement at the free end of the plate in z-
axis by using three different solving time steps, 0.05s, 0.1s, 0.2s, after 1 pass

3.2.2.3 Validation of the modelling

The modelling presented in the previous section is only a preliminary determination of
the meshing and solving time step, however, the result of a single pass scanning strategy
is not enough to prove the authenticity of the modelling. Therefore, a multiple pass
scanning strategy was used in the modelling presented in this section. The scanning
position and processing parameters are the same as the single pass modelling.

Figure 3.2.9 shows the arrangement for the modelling.

Free end

10 Passes

Fixed boundary

Figure 3.2.9 Schematic diagram of modelling of laser forming of a mild steel S275 plate
with the dimensions of 100x100x1.5mm with 10 passes. Red arrow line represents the
irradiation path and laser moving direction, Power 500W, Speed 50mm/s, Beam dia.
Smm
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The coordinate x,, of the beam is L/2, L is the length and width of the workpiece

100mm, and the coordinate y,, changes with time variant, which can be expressed as:

Y; = vot, yo = vt —tp), y3 = vo(t — 2tg) ..., yn = Vo (t — (n — 1)ty)

where n is the number of passes, t, is the single pass time

The validation of the modelling and experimental results of the cumulative
bending angle after 10 passes are given in Figure 3.2.10. It can be found that there is a
good agreement between the modelling and experimental result, which can provide
theoretical support for experimental research. Therefore, the modelling will be used to
analyse the effects of the scanning paths spacing on laser forming process for prediction
of the scanning pattern in the following 3D laser forming investigation. The description
and results of the modelling will be given in chapter 5. It is worth noting that the trend
of modelling result is linear, and the cumulative bending angle is larger than the
experimental results as the number of passes increases this could be attributed to the
assumptions made in the modelling as mentioned before, such as the absorptivity of the
material, material properties, and beam geometry are constant, which leads to the
bending angle rate is the same for each pass. However, the trend of the experimental
result is nonlinear, and the bending angle starts to fall-off after 6 passes this could be
attributed to the decrease in energy fluence with increasing of the scanning passes in a
real laser forming process, such as section thickening, variation of absorption, and
change of the beam geometry, which result in the variation of the bending angle rate for

each pass.

HUI GAO 114 PhD Thesis



Advanced Laser Forming of Metallic Components

—a— Experimental Results ~ —=— Modelling Results

Cumulative Bneding Angle [Deg]
o [l N w = (6] (o2} ~

0 1 2 3 4 5 6 7 8 9 10

Number of Passes

Figure 3.2.10 Modelling and experimental results of the cumulative bending angle after
10 passes

3.3 Laser Forming of Single Curved Shape

To date there has been a considerable amount of work carried out on two-dimensional
laser forming, such as using multi-pass scanning strategies to produce a single curved
shape. However, there is a limited understanding related to accuracy control the forming
process to produce a target component.

It was concluded from earlier empirical studies that, a number of factors will affect
the repeatability and reliability of laser forming process, such as residual stress history
of the workpiece, material non-uniformity and process variability. Therefore, the aim
of the first study presented in this thesis is to develop an advanced scanning strategy to
improve the controllability of the process and produce a two-dimensional component
independent of material and process variability.

There are a number of essential factors needed to be taken into account for control
of the laser forming process, such as the current bending angle, the error between the

current and the target bending angle, and the bending angle rate per pass, in which the
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bending angle rate per pass is the most critical factor affecting forming accuracy[108],
which can be controlled by varying process parameters such as the laser power, beam
diameter and processing speed. However, for the laser system used throughout this
thesis, the processing speed is the easiest variable to control and so it was decided to
control the bending angle rate around the selection of process speed for development
of this advanced scanning strategy.

In addition, the study is also to prove the manufacturing capabilities of the LF
process at attempt was made to produce an actual car body component, which is linked
to the Audi commercial project. The required ‘U’ shaped component with three different
bending angles 20°, 40° and 60° from Audi AG was identified as an ideal candidate for
laser forming. The experiments were conducted on mild steel DCO1 with the
dimensions of 200 X 100 X 0.89mm and AA6061-T6 with the dimensions of
200x100x Imm. The materials, test samples and requirements are all provided by Audi.
The CAD drawings of the target shapes are shown in Figure 3.3.1. The 1.5kW PRC
CO:2 laser described earlier was used throughout the process. The workpieces were held
on the workbench using an edge clamping at 10mm from the constrained edge. There
are two scanning lines on the workpiece, the 1st scanning line is 50mm away from the
free end of the workpiece, and the 2nd scanning line is 100mm away from the 1st line,
as depicted in Figure 3.3.2 and Figure 3.3.3. Initially the laser beam was applied to
irradiate over the 1st line with multi-passes to bend region A to the target angle, and

then moving the laser beam to the 2nd line for bending region B to the target angle.
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200mm | /

Figure 3.3.1 CAD drawings of the target shapes, “U” shape with 20°, 40° and 60° target
bending angles

Figure 3.3.2 Schematic diagram of edge clamping arrangement with the component.
Red arrow line represents irradiation path and direction

Figure 3.3.3 Experimental set up for laser forming of DCO1 & AA6061-T6 with the
size of 200x100%0.89mm and 200x100x1mm
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The initial work of the study was to create the process map for the given materials
mild steel DCO1 and AA6061-T6. For mild steel DCO1, the process map data using a
3mm beam diameter and a laser power of 400W in the speed range 30 to 50 mm/s. For
AA6061-T6, the given parameters are a 3mm beam diameter, laser power of S00W and
the speed range of 35 to 65mm/s. These process parameters for these two materials
were taken from previous work within the group [15,169].

As mentioned, the target bending angles are 20°, 40° and 60°, thus the processing
map for the given materials was created based on forming the maximum target bending
angle of 60°. The workpieces were irradiated by a laser beam over the same track with
multi-passes at a range of constant speed. The bending angle was measured after each
pass and if the target bending angle was not achieved the process continues on the next
pass. If the current bending angle was equal or greater than the target value, the process
was terminated.

These values were then used to establish the relationship between scanning speed,
error between the current bending and target angle, and bending angle rate for the given
materials. It can provide a basis for selection of the scanning speed in development of
the advanced scanning strategy. When the target angle has not been achieved in one
pass, an appropriate scanning speed for the next pass can be selected based on both the
bending angle rate and the error to the target angle.

The angle measurement accuracy of the system can be obtained to be about 0.125°
according to the measuring range (100mm) and resolution (15pum) of the laser scanner.

Due to this factor, the final bending angle can be considered as accurate when the
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difference between the final bending angle and the target angle is within +/-0.125°. The

details of this advanced scanning strategy are given in chapter 4.

3.4 Laser Forming of Double Curved Shape

For practical industrial applications, in addition to single curved shapes, most
components have a double curved geometry, such as ship hulls, pillow shape, saddle
shape etc. Therefore, it is necessary to consider 3D laser forming in order to advance
the application of laser forming in the actual manufacturing environment.

Therefore, the second study presented in this thesis is to investigate 3D laser
forming. The target component with a double curved shape (named it “ship hull shape™)
was given by a shipbuilding company, which was chosen for 3D laser forming
investigation in this thesis, and the requirement is to form a ship hull shape with the
deflection of 30mm at corner A&B and 20mm at corner C&D from a 100x100x1.5mm
mild steel S275 plate. The CAD drawing of the target component can be seen in
Figure 3.4.1. It is worth noting that the size (length, width, and thickness) of the ship
hull of a real freighter is around 360000x64000X 14mm [180]. The work presented in
this section is also to demonstrate the potential application of laser forming in

shipbuilding industry.
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D=20mm

C=20mm

B=30mm

P

Figure 3.4.1 Laser forming of a ship hull shape with the deflection of 30mm at corner
A&B and 20mm at corner C&D from a 100x100x1.5mm mild steel S275 plate

The procedure for this 3D laser forming investigation includes three parts. The
initial work of the study is to create a process map for the given material mild steel
S275 based around a short study of 2D bends as tools to help in the investigation of 3D
laser forming. The second part is prediction of the scanning pattern based on the lines
of constant height and the minimal principal strain field and verified by experiments.
The final part is investigation of the scanning strategy, which is a very important factor
in laser forming; different scanning strategies will lead to different thermal stress
distribution during heating process and influence the final deformation. For a given
shape with large deformation, a strategy of a one-off single pass would be extremely
difficult to predict and control. A more sensible method of producing a target shape
should be to increment towards it with a number of passes and taking surface
measurements after each pass so as to have the ability to take account of any unwanted
distortion or more forming required based on the error between the current formed
shape and the target shape. A 3D laser sensor was employed to obtain the profile of the

formed shape after each pass.
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The experimental study was conducted on 100x 100X 1.5mm mild steel S275 using
a 1.5 kW PRC CW CO: laser. A part of mild steel workpieces was used to create the
process map for the given material via simple 2D bends and briefly investigate the effect
of the varying a number of laser parameters on the laser forming process. The
workpieces were held in place on the workstation table using an edge clamping for 2D
bends as shown in Figure 3.4.2, and a centre clamping for 3D laser forming; this
required a hole to be drilled in the centre of the workpiece for a bolt to pass through as
shown in Figure 3.4.3. Although drilling the workpiece will lead to additional pre-
stressing, fixing the plates was essential to avoid any unwanted movement, additionally
by raising the workpiece off the work bench this alleviated any problems with the

weight of the workpiece limiting the amount of forming available.

20 Passes

Figure 3.4.2 Schematic diagram of edge clamping arrangement with component
100x100x1.5mm. Red arrow line represents irradiation path and direction
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Figure 3.4.3 Centre clamping for 3D laser forming of the target ship hull shape from
graphite coated 100x100%1.5mm mild steel S275

3.4.1 Determination of the Process Parameters

The first part of the study was a short work of 2D bends to create a process map for the
given material mild steel S275. The samples were laser formed by multiple passes (up
to 20 passes) over the same irradiation track using different parameters shown in
Table 3.4.1. The choice of parameters used was taken from previous work within the
group [15,169]. The bending angle was measured after each pass and converted into
bending angle rate. These values are then used to produce a graph of laser power against
processing speed for analysing the combined effects of these two parameters on
bending characteristics of the workpiece and determining the appropriate energy

parameters for 3D laser forming study.
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Sample  Power  Spot Dia. Processing Speed Number
(W] [mm] [mm/s] of
Passes

Vi A\ V3 V4

1 500 5 30 40 50 60 20
2 600 5 30 40 50 60 20
3 800 5 30 40 50 60 20

Table 3.4.1 Processing parameters for creating the process map for the given material
mild steel S275

3.4.2 Prediction of Scanning Pattern

The forming process of V-shaped component is comparatively simple and can be
achieved by choosing appropriate heating position according to the bending
requirements of a plate. However, for practical industrial applications, in addition to V-
shaped workpieces, most workpiece shapes have a 3D geometry, and so one of the most
important factors is to predict the heating paths.

In this part, the first step is to create the target shape, which is carried out using
the large deformation FE modelling in COMSOL Multiphysics 5.2a. The displacement
constraints are applied on the top surface of the flat sheet in the numerical modelling as
a virtual stretching tool to stretch the flat plate to the target shape. The top surface of
the flat sheet is decomposed into a group of 100 patches with 121 nodal points as shown
in Figure 3.4.4, the displacement at these points correspond to the height of the target
shape. The target shape with a full smooth surface can be obtained when the

displacements of these points are interpolated in COMSOL as shown in Figure 3.4.5.
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Figure 3.4.5 The defined target shape

Because in laser forming process the irradiation path about which a moment is
generated should be stationary in space and bending parts either side will move instead
thus a scan line or a location where a bend takes place about should always correspond
to a line of constant height and vice versa [15], and the minimal principal strains occur
in the direction perpendicular to a irradiation path [181].

Therefore, the lines of constant height of the target ship hull shape and the required
minimal principal strain field at the upper surface of the target ship hull shape are used
as a basis for prediction of the scanning patterns in this 3D laser forming investigation,

which are obtained from the FE modelling as shown in Figure 3.4.6 and Figure 3.4.7.
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In addition, for 3D laser forming the contour levels can be arbitrarily chosen to
produce the 3D shapes, however on a continuous smooth surface the localised bend
angles along the scanning lines should be small enough so as to not facet the surface
significantly, which indicates another important factor that needs to be taken into
account for prediction of the scanning pattern, as the number of contour levels selected
or the spacing between adjacent scanning lines. The effect of the spacing between
adjacent scanning lines on laser forming, such as deformation, temperature distribution
and strain field, are analysed by FE modelling as mentioned before, which can provide
a basis for the prediction of the scanning patterns.

mm
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Figure 3.4.6 Contour lines of constant height of the target ship hull shape
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Figure 3.4.7 Vector plot of magnitude and orientation of minimum principal strain at
the upper surface of the target ship hull shape (the length of a bar in the plot represents
the magnitude, the arrow represents the orientation)

3.4.3 Determination of the Scanning Strategy

The key point of determination of the scanning strategy is to calculate the error between
the formed shape and the target shape. The formed shape is measured by using a 3D
laser sensor. The measurements from the 3D laser sensor are exported and saved as a
STL file and imported into COMSOL to analyse the error between the current formed
shape and the target shape. The error surface is obtained by subtracting the current
formed surface away from the target shape through the “Join” function in COMSOL
(target data — current formed measured data) as shown in Figure 3.4.9. The scanning
strategy prediction is based on the error between the current formed shape and target

shape, which could form the basis for a further scanning strategy.
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mm

Figure 3.4.8 Measurement of the unformed flat sheet

mm
A 30

30

Figure 3.4.9 Error plot between the unformed flat sheet and the target shape

There were two scanning strategies used to produce the target shape and verified
by two tests. The first scanning strategy prediction used in test 1 is based on the error
between the current formed surface and target shape, a strategy of per pass monitoring
is used to control the process. The control program will be terminated when the overall
forming of the workpiece is equal or exceed the target shape. And the irradiation starts
from outside to inside in order to keep the laser spot size constant. The purpose of first
scanning strategy is to verify whether the predicted scanning pattern and the

incremental error-based approach can produce a ship hull shape with a small degree of
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error to the target shape.

The second scanning strategy prediction in test 2, such as positioning and
sequencing of the irradiation, will be adjusted after each pass not only based on the
error between the current formed surface and the target shape but also the deformation
characteristics of the current part, such as that when the target shape is not formed
within one pass, an appropriate scanning strategy for the next pass will be given by
analysing the difference of the deflection of a number of points at 10mm steps along
edgel and 2 of the workpiece (Figure 3.4.10) between the current formed shape and the

target shape.

50 mm

y
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0
A B C D E F G H I J K

Figure 3.4.10 Measured points on edge 1 and edge 2 for prediction of the scanning
strategy in test 2

As mentioned earlier, the final formed shape will be influenced by a number of
factors, such as unknown residual stress distribution, variability in the absorption of the
incident laser radiation and process variability. Therefore, the purpose of the second
scanning strategy is to produce the target 3D shape independent of residual stress
distribution and non-uniformity absorption of the laser radiation. Moreover, any
unwanted distortion either caused by above two factors or process variability will be
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taken into account and reduce the error to within +/- 0.5mm to the target shape. The
control program will be terminated if the error between the current formed surface and
target surface was within +/- 0.5mm so as to avoid any over-forming and asymmetry
however small.

In addition, in the above two scanning strategies the forming rate was controlled
by varying the scanning speed, such as that the scanning speed will be increased as the
target shape approaches, which allows the workpiece to form in every decreasing

increment to the target shape so as to reduce any risk of over-forming.
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Chapter 4

Laser Forming of Single Curved Shape

Results and Discussion

This chapter presents the results and discussion of the experimental studies into laser
forming of single curved shape by using an advanced scanning strategy in two materials,
mild steel DCO1 and AA6061-T6.

The initial work of the study was to create the process map for the given
materials, which can provide a basis for development of the advanced scanning strategy
for improving the controllability of the process and producing a two-dimensional
component independent of material and process variability. The details are presented in

the following sections.

4.1 Creation of the Process Map

The initial work of the study is to create the process map for the given materials
mild steel DCO1 and AA6061-T6. For mild steel DCO1, the process map data using a
3mm beam diameter and a laser power of 400W in the speed range 30 to 50 mm/s. For
AA6061-T6, the given parameters are a 3mm beam diameter, laser power of S00W and
the speed range of 35 to 65mm/s. As mentioned before, these process parameters were

taken from previous work within the group.
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The results of cumulative bending angle and bending angle per pass (bending
angle rate) against number of passes for mild steel DCO1 and AA6061-T6 are presented
in Figure 4.1.1 to Figure 4.1.4. The repeatability tests for both materials are also
conducted as shown in Figure 4.1.5 and Figure 4.1.6. These values were used to produce
the relationship between processing speed, error between the current bending and target

angle, and bending angle rate for the given materials as shown in Figure 4.1.7 and

Figure 4.1.8.
0.89mm mild steel DC01, 400W, 3mm beam dia.
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Figure 4.1.1 Cumulative bending angle against number of passes processed at 30mm/s,
35mm/s, 45mm/s, and 50mm/s for mild steel DCO1, 60° target
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1mm AA6061-T6, 500W, 3mm beam dia.
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Figure 4.1.2 Cumulative bending angle against number of passes processed at 35mm/s,
45mm/s, 55mm/s, and 65mm/s for AA6061-T6, 60° target

From Figure 4.1.1 and Figure 4.1.2, it can be found that the final bending angles
for both materials occurred a small degree of overshoot (0.15° to 0.63°). Although the
magnitude of overshoot is small, it also exceeds 0.125° especially at the low speed. A
possible reason to this may be that the constant processing speed was employed
throughout the process, which would lead to a constant bending angle rate per pass, as
the bending angle approached the target angle, if the current bending angle rate is
greater than the difference between the current bending angle and the target angle, an
overshoot will occur. For example, for mild steel DCO1 (see Figure 4.1.1) the
cumulative bending angle before the last pass is 59.82° at the processing speed of
30mm/s; if attempts to control the error of the final bending angle to within 0.125° of
the target angle, the bending angle rate should be within 0.3° at last pass, however the

actual bending angle rate is 0.81°, so the final bending angle has 0.63° overshoot.
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Figure 4.1.3 Bending angle per pass against number of passes processed at
30mm/s, 35mm/s, 45mm/s and 50mm/s for mild steel DCO1

1mm AA6061-T6, 500W, 3mm beam dia.
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Figure 4.1.4 Bending angle per pass against number of passes processed at 35mm/s,
45mm/s, 55mm/s, and 65mm/s for AA6061-T6
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As illustrated in Figure 4.1.3 and Figure 4.1.4 the bending angle rate for both
materials present the similar trend, which starts at a high rate initially, and then drops
off with increase of the number of passes especially at higher numbers of passes. This
is attributed to a number of factors, such as strain hardening, section thickening,
changes of geometry of the laser beam and degradation of the coating. Therefore, the
number of passes is another important factor that needs to be considered in the laser
forming process. As mentioned earlier, the degradation of the coating is dependent on
the interaction time and the intensity of the laser beam. The high number of passes will
increase the interaction time of the laser beam, which will lead to the degradation of the
coating more seriously resulting in variation of absorption and heat transmission to the
workpiece and reduction of the process reliability.

A repeatability test was performed using the same scanning strategy on ten
additional samples for the given two materials respectively. A standard deviation
between the ten samples for mild steel DCO1 and AA6061-T6 can be seen in

Figure 4.1.5 and Figure 4.1.6.
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Repeatability Test for Mild Steel DCO1
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Figure 4.1.5 Repeatability Test for mild steel DCO1
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Figure 4.1.6 Repeatability Test for AA6061-T6
Figure 4.1.5 and Figure 4.1.6 show the standard deviation between the samples
using the same scanning strategy for the given two materials respectively, which can be
used to reflect the repeatability of the process. It can be observed that although a
reasonable repeatability can be achieved using the same scanning strategy for these two
materials, the variable nature of per pass still exists. This may be attributed to the
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different residual stress distribution in the workpieces and the non-uniform thickness
of the surface coating. It has been reported in some details by Edwardson et al. [70] that
material factors such as differences in the residual stress history of a component can
influence the repeatability of the laser forming process. Therefore, it is necessary to
develop a new scanning strategy to improve the controllability of the process so as to
produce a 2D bends component independent of material and process variability.

The residual stresses are the stresses that remain in an workpiece without external
loading or thermal gradients, which are generated as a workpiece is stessed beyond its
elastic limit resulting in plastic deformation [182].

In the laser forming process, the residual stresses are mainly generated by thermal
variations, such as there is always a large difference in the cooling rate throughout the
workpiece when it is cooled from a high temperature, which will result in localised
variations in thermal contraction resulting in non-uniform stresses distribution
throughout the workpiece [120].

During the laser forming process, the cumulative bending angle increase with
increasing of the passes. However, the bending angle rate per pass decreases due to the
different residual stress distribution in the workpiece after each pass, which can be
explained by two possible reasons. A possible reason is that the flow stress increases
due to the increased plastic strains with multiple passes. Another possible reason is that
the recrystallization occurs repeatedly in the multi-pass process [120].

In addition, as mentioned earlier, the coatings are sprayed manually onto the

surface to be irradiated for all the experiments in this thesis since an automatic
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application is difficult to perform. Thus, the thickness of the coating layer can't be
guaranteed uniform. Coatings not only absorb the laser energy, but also transport the
released heat to the surface of the workpiece, hence the coating layers vary in thickness
will lead to non-uniform of heat transmission to the surface of the workpiece resulting

in reduction of the process efficiency.
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Figure 4.1.7 Process map for mild steel DCO1
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Figure 4.1.8 Process map for AA6061-T6

Figure 4.1.7 and Figure 4.1.8 present the relationship between processing speed
(x-axis), error between the current bending and target angle (y-axis), and bending angle
rate for the given materials it can be found that the given processing parameters gave a
range of bending angle rate selection per pass from 0.5° to 3.5° in both materials. These
data can provide a basis for selection of the processing speed in the followed study such
as that when the target angle has not been achieved in one pass, an appropriate
processing speed can be selected based on the bending angle rate and the error to the
target angle for the next pass. The detailed description and results of the improved

scanning strategy are presented in the following section.
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4.2 Advanced Scanning Strategy

Control of the bending angle rate during the process is the key point in this work. The
concept was that the forming process was not only to monitor the current bending angle
but also to control the bending angle rate or how many degrees per pass are required
based on the error between the current and target bending angle in order to control of
the forming accuracy. Initially the workpiece was scanned at an optimum speed,
measure the bending angle, compare it to the target angle and make a selection of an
appropriate processing speed for the next pass according to the error between the
current and the target bending angle. As the target angle approaches the process speed
increases to reduce the bending angle rate in order to slowly move towards the target
angle so as to avoid any significant overshoot. For example, when the error between
current and target angle is small, the bending angle rate should be less than or equal to
the required bends to avoid overshoot. In addition, as mentioned before the the angle
measurement accuracy of the system is about 0.125° thus the control program will be
terminated as the error between the current and target bending angle was within 0.125°
so as to avoid any overshoot however small.

The result of the first improved scanning strategy for mild steel DCO1 at laser

forming up to the target angle of 20° is shown in Figure 4.2.1.
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1st Scanning Line
0.89mm mild steel DC01, 400W, 3mm beam dia.
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Figure 4.2.1 Laser forming of mild steel DCO1, 20° target, 1st scanning line, scanning
strategy 1

In the first scanning strategy for the target bending angle of 20°, a relatively low
processing speed of 30mm/s was used at the initial passes to obtain the initial high
bending rate. Once the current bending angle exceeded 10°, the processing speed was
increased to 35mm/s for the subsequent passes until the error to target bending angle is
within 0.125°. It can be seen from Figure 4.2.1 that the final bending angle has been
produced reasonably accurately within the accuracy of the measurement system and the
control program was terminated after pass 7, however, it can be observed that the
bending angle rate is still very high when approaching the target angle and it seems to
be just a coincidence resulting in an accurate final bending angle without significant
overshoot. This may be due to use of only one speed step and the increase of the second
speed was only Smm/s. The second speed was implemented from pass 3 to 7, it can be

found that the fall off in bending angle increase per pass is subtle. An improvement to
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the first scanning strategy was made in order to solve this problem that was to introduce

more speed increases during the processing and to employ relative high speed for the

last few passes when approaching the target angle so as to reduce the bend angle rate

significantly to improve controllability of the process. The results of the second

scanning strategy for the target bending angle of 20° are shown in Figure 4.2.2 to

Figure 4.2.4.
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Figure 4.2.2 Laser forming of mild steel DCO1, 20° target, 1st scanning line, scanning
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Scanning Line 2
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Figure 4.2.3 Laser forming of mild steel DCO01, 20° target, 2nd scanning line, scanning
strategy 2

DCO1 20[Deg|

Figure 4.2.4 Mild steel DCO1 final formed “U” shape component with 20° bending
angle

It can be seen from above figures that there were 3 processing speeds employed
for the second scanning strategy, as the same for the first scanning strategy the high
bending angle rate speed of 30mm/s and 35mm/s were used for initial few passes to
achieve a bending angle over 10° and 15°, once the bending angle was within 5° of the

target the processing speed was increased up to 45mm/s for the last few passes, the drop
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off in bending angle increase per pass can be seen clearly from pass 5 to the end. It can
be seen that the error between the final bending angle and target angle has been reduced
to 0.05° and 0.12° on the 1st and 2nd scanning line respectively by using this scanning
strategy.

The method of improving the forming accuracy has been preliminarily verified in
the laser forming of target bending angle of 20°. In order to prove that this method can
be used to control the forming accuracy of any positive bending angle, the results of the
scanning strategy using 40° and 60° as the target angle are shown in Figure 4.2.5 to

Figure 4.2.10.

1st Scanning Line
0.89mm mild steel DCO01, 400W, 3mm beam dia.
Target Bneding Angle 40°
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Figure 4.2.5 Laser forming of mild steel DCO1, 40° target, 1st scanning line, scanning
strategy 2
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2nd Scanning Line
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Figure 4.2.6 Laser forming of mild steel DCO1, 40° target, 2nd scanning line, scanning
strategy 2

DCO01 40[Deg]

Figure 4.2.7 Mild steel DCO1 final formed “U” shape component with 40° bending
angle

It can be seen in Figure 4.2.5 and Figure 4.2.6 that the scanning strategy for
achieving the target angle of 40° is similar with the scanning strategy for the target
angle of 20°. In this scanning strategy, the processing speed of 30mm/s was used for

the initial few passes to obtain the high bending rate. Once the target angle approaches
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within 15° and 5°, the processing speed was successively increased to 35mm/s and
45mm/s. And the control program was terminated when the current bending angle was
within 0.125° of the target angle. It can be found that the error between the final bending

angle and the target angle is 0.02° and 0.07° on the Ist and 2nd scanning line

respectively.
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Figure 4.2.8 Laser forming of mild steel DCO1, 60° target, 1st scanning line, scanning
strategy 2
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2nd Scanning Line
0.89mm mild steel DCO1, 400W, 3mm beam dia.
Target Bneding Angle 60°
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Figure 4.2.9 Laser forming of mild steel DCO1, 60° target, 2nd scanning line, scanning
strategy 2

DCO1 60[Deg]

Figure 4.2.10 Mild steel DCO1 final formed “U” shape component with 60° bending
angle

Figure 4.2.8 to Figure 4.2.10 present the results of the scanning strategy at laser
forming up to the target angle of 60°. Compared with the scanning strategies used in

achieving the target angle of 20° and 40°, there were 4 processing speeds introduced in
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this strategy for achieving the target angle.

In this scanning strategy, the processing speeds of 30mm/s was used for the initial
few passes until the bending angle exceeds 25°, and then when the error between the
current bending angle within 35° and 15° from the target angle, the processing speed
was increased sequentially to 35mm/s and 45mm/s. Once the difference between the
current bending angle and target angle was within 5° the processing speed was
increased up to 50mm/s for the last few passes in order to control the process with a
great deal of accuracy. It can be found that the error between the final bending angle
and the target angle was successfully controlled within 0.125° through this scanning
strategy.

In order to prove the versatility of this method of controlling the accuracy of laser
forming, a study was conducted on the 200x100xX1mm AA6061-T6 in this section.
According to the successful work on mild steel DCO1, the concept of setting the
scanning strategies used to produce the target angles in this material is similar to that in
the study of mild steel DCOI. In this material, two speed increases were used for the
target angles of 20°, and three speed increases for the target angles of 40° and 60°. The
processing speeds of 35mm/s was used for the initial multi-pass to achieve a high
bending rate, and then the processing speed was increased sequentially to 45mm/s,
55mm/s and 65mm/s based in the error between the current and target bending angle so
as to reduce any risk of overshoot. The results of the scanning strategies for laser
forming of the AA6061-T6 workpiece to the target angle of 20°, 40° and 60° are shown

in Figure 4.2.11 to Figure 4.2.19.
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1st Scanning Line
1mm AA6061-T6, 500W, 3mm beam dia.
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Figure 4.2.11 Laser forming of AA6061-T6, 20° target, 1st scanning line, scanning
strategy 2

2nd Scanning Line
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Figure 4.2.12 Laser forming of AA6061-T6, 20° target, 2nd scanning line, scanning
strategy 2
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Figure 4.2.13 AA6061-T6 final formed “U” shape component with 20° bending angle

1st Scanning Line
1mm AA6061-T6, 500W, 3mm beam dia.
Target Bneding Anlge 40°
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Figure 4.2.14 Laser forming of AA6061-T6, 40° target, 1st scanning line, scanning
strategy 2
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2nd Scanning Line
1mm AA6061-T6, 500W, 3mm beam dia.
Target Bneding Anlge 40°
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Figure 4.2.15 Laser forming of AA6061-T6, 40° target, 2nd scanning line, scanning
strategy 2

Figure 4.2.16 AA6061-T6 final formed “U” shape component with 40° bending angle
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Figure 4.2.17 Laser forming of AA6061-T6, 60° target, 1st scanning line, scanning
strategy 2
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Figure 4.2.18 Laser forming of AA6061-T6, 60° target, 2nd scanning line, scanning
strategy 2

HUI GAO 151 PhD Thesis



Advanced Laser Forming of Metallic Components

Figure 4.2.19 AA6061-T6 final formed “U” shape component with 60° bending angle

As can be seen from the above figures, by using the method of controlling the
bending angle rate during the forming process, a considerable accurate two-
dimensional aluminum component has also been successfully produced. And the errors
of all the final bending angles were reduced to within 0.125° to the target angles.

Comparing the results from section 4.1 and 4.2, it can be seen that a large target
bending angle can be achieved with less irradiation passes at a constant low processing
speed, but the forming accuracy might be difficult to control due to the high bending
angle rate. However, although the forming accuracy can be possible to be improved
with a constant higher processing speed, more irradiation passes are required to achieve
the target angle, which may reduce the reliability of the process. However, using the
improved scanning strategy presented in section 4.2 can not only improve the forming
accuracy but also reduce the number of scanning passes, which can reduce the effects

of multiple passes such as strain hardening so as to improve the reliability of the process.
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The results in this chapter demonstrate that the forming accuracy can be improved
through control of the bending angle rate during the process via varying the processing
speed. It has the potential to produce a two-dimensional component independent of
residual stress history and material non-uniformity and take account of unwanted
distortion, perhaps brought about by these two factors or process variability. The
process can be controlled with a great deal of accuracy by the introduction of more
speed steps with much higher processing speeds as the target angle approaches. In this
feedback (closed loop) control system, the target bending angle, the desired minimum
error, a set of incremental scanning speeds, and the maximum number of passes were
set as input values, and the current bending angle and bending angle difference were
set as the output values. Moreover, the accuracy of the measurement system used for
feedback control (closed loop control) also influences the accuracy of the forming
process since the higher the accuracy of the measurement system and measuring
method, the more accurate measuring results of the bending produced in the workpiece.

In addition, the study presented in this chapter does demonstrate the potential
manufacturing capabilities of the laser forming process for producing the single curved
component, which provides the capability to produce or alter the shape of the
component easily only through changing the process parameters or the scanning
strategy without the need of expensive and inflexible hard tooling, this is a major

advantage of the process over conventional forming technologies.
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Chapter 5

Laser Forming of Double Curved Shape

Results and Discussion

This chapter presents the results and discussion of experimental studies into laser
forming of double curved shape, which includes creation of the process map for the
given material (mild steel S275) used in this study, prediction of the scanning pattern,
and determination of the scanning strategy to produce the target ship hull shape.

The study of laser forming of single curved components presented in chapter 4
has shown that laser forming has a great deal of potential capabilities in manufacturing.
However, for practical industrial applications, in addition to single curved shapes, most
components have a double curved geometry. Therefore, in order to advance the
application of laser forming in the actual manufacturing environment, it is necessary to

consider 3D laser forming.

5.1 Determination of the Process Parameters

This section presents the results and discussions of a short study of 2D bends, which
includes the effect of the varying a number of laser parameters on the laser forming
process and creating of the process map for the given material mild steel S275 and
analysing the combined effects of laser power and processing speed on bending

characteristics of the workpiece such as the bending angle rate.
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The process map for the given material mild steel S275 was created by using
the experimental results from 2D bends of 100X 100mm coupons in 1.5mm thickness.
The samples were laser formed by multiple passes (up to 20 passes) over the same
irradiation track using different parameters. The bending angle was measured after each
pass and converted into bending angle per pass (bending angle rate). These values are
then used to plot a line of best fit to give a visual approximation of the effect of varying
both laser power and processing speed on the bending characteristics of the workpiece
as shown in Figure 5.1.1. The various lines indicate contours where on that line is it
possible to produce a bending angle per pass of the indicated value and above the line
a value of over the indicated value but below the next given contours value is produced.
Therefore, the area defined by these contours corresponds to the ‘formability’ of the

given material, giving an indication of how applicable laser forming is to the material.
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Figure 5.1.1 Combined effect of laser power and processing speed on bending angle
rate
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From Figure 5.1.1 it can be found that the bending angle rate can be controlled by
varying either the laser power or the processing speed such as that the bending angle
rate increases with increasing of laser power, however, the relationship between the
processing speed and the bending rate is inversely proportional. A possible reason for
this is that either increasing of the laser power or decreasing the processing speed
(longer the interaction time of the laser beam) will cause a rise in the temperature on
the top surface of the material. The elevated surface temperature will result in an
increased temperature gradient through the thickness of the material and reducing the
flow stress of the material, especially for materials with lower thermal conductivity as
mild steel. This leads to larger plastic stresses being induced in the top surface of the
sample than in the lower surface, which leads in turn to a greater bending angle.
However, excessively high temperature will increase the risk of damage to the surface
of the material. It can be seen from Figure 5.1.2 that the surface of the material has been

damaged under the power of 800W and the processing speed of 30mm/s after 20 passes.

Figure 5.1.2 Mild steel S275, 1.5mm thickness ,Smm Beam Dia., 800W, 30mm/s,
surface condition after 20 passes
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As can be seen from the processing map data, the data range of Smm beam
diameter and laser power of S00W gave a bend angle rate selection between 0.2° and
0.8° in the processing speed range 30 to 60 mm/s, thus these parameters were selected
for the followed 3D laser forming study since no damage to the surface of the material
and fine controllability of the process are the two important factors needed to be taken

into account in laser forming.

5.2 Prediction of Scanning Pattern

The results and discussions of prediction of the scanning pattern are presented in this
section, which is mainly focus on the effect of the spacing between adjacent scanning
lines on laser forming.

As mentioned before, the lines of constant height and the minimal principal strain
field are used as a basis for prediction of the scanning patterns in this 3D laser forming
investigation. And for 3D laser forming the contour levels can be arbitrarily chosen to
produce the 3D shapes, however on a continuous smooth surface the localised bend
angles along the scanning lines should be small enough so as to not facet the surface
significantly, which indicates another important factor that needs to be taken into
account for prediction of the scanning pattern, as the number of contour levels selected
or the spacing between adjacent scanning lines. The effect of the spacing between
adjacent scanning lines on laser forming, such as deformation, temperature distribution
and strain field, are analysed by numerical simulation, which can provide a basis for

the prediction of the scanning patterns. The discussion and results are given below.
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To analyze the effect of the path spacing on the laser forming process, numerical
simulations were conducted with 500 W of power, 50 mm/s as the processing speed and
Smm for the spot diameter (d) according to the scanning paths shown in Figure 5.2.1,
where the scanning line spacing S=d/2, d, 2d, 3d and 4d, respectively. The dimensions

of the plate were 100x100X%1.5mm.

Ist Scanning line

Fixed boundary N\ /

2nd Scanning Line

‘.“““3 ——

S=d/2,d, 2d, 3d, 4d

Figure 5.2.1 Schematic figure of path spacing in laser forming processes

Figure 5.2.2 shows the numerical results of the deformation of the plate in Z
direction. As can be seen from the results, the bending deformation is different as the
path spacing varies. A continuous curved line near the heating line can be obtained
when the path spacing is smaller or equal to a beam diameter 5 mm, but the bending
section is changed into a curved line then to a straight line and back to a curved line
with increasing of the scanning line spacing. However, the given ship hull shape has a
continuous smooth surface, thus, the smaller scanning line spacing should be chosen to
acquire the continuous deformation, which can effectively raise the forming accuracy
of the plate in the laser forming. In addition, it can be found that for a smaller path
spacing, the displacement at the free end of the plate is greater than that of a larger path

spacing. A possible reason for this may be that a hot plate is easier to be formed than a
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cold one [68]. From Figure 5.2.3 to Figure 5.2.7 it can be found that the smaller spacing
between the scanning lines the more heat is retained in the plate, which will also result

in reducing the yield stress of the material.
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Figure 5.2.2 The effect of path spacing on the displacement at the free end of the
workpiece, single pass, t=4.2s

mm
Spacing S=d/2
A 894

100

800

700

50 mm 600

500

y

e

300
0 v 292

Figure 5.2.3 Effect of path spacing on temperature distribution path spacing of d/2,
single pass, t=4.2s
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Figure 5.2.4 Effect of path spacing on temperature distribution path spacing of d, single
pass, t=4.2s
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Figure 5.2.5 Effect of path spacing on temperature distribution path spacing of 2d,
single pass, t=4.2s
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Figure 5.2.6 Effect of path spacing on temperature distribution path spacing of 3d,
single pass, t=4.2s
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Figure 5.2.7 Effect of path spacing on temperature distribution path spacing of 4d,
single pass, t=4.2s

Figure 5.2.8 to Figure 5.2.12 shows the numerical results of the minimal principal
strain in X direction with the different scanning lines spacing under the same process
parameters. The minimal principal strains generated in laser forming are mainly

concentrated in the laser spot heating zone. It can be observed that when the path
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spacing is less than the spot diameter, the strain fields between the heating paths
interfere with each other because the minimal principal strain near the second heating
line already exists before the second heating, but the continuous plastic strain can be
obtained as shown in Figure 5.2.8. As can be seen from Figure 5.2.9 to Figure 5.2.12
the influence zone of the strain fields between the heating lines decreases with
increasing of the scanning line spacing, which means that the interaction between the
adjacent heating paths can be possible to be avoid with increasing of the scanning line
spacing and the deformation of the plate can be considered as a superposition of a single
scan, but it leads to the strain fields being discontinuous. However, the target ship hull
shape presented in this thesis has a smooth continuous surface, thus a continuous strain
field is needed.

Moreover, it can be observed that the peak minimal principal strains generated on
the second scanning line are larger than that on the first scanning line for the different
scanning lines spacing. This is mainly due to the fact that at the end of the process the
temperature near the second scanning line cannot be cooled to the initial temperature
because of the short time interval, which leads to the temperature along the second
scanning line being higher than that in the first as illustrated in Figure 5.2.13 to Figure
5.2.17 and so the temperature difference between the two scans results in the different
strain fields of every scan. In addition, it can be noted that for a smaller path spacing,
the peak minimal principal strains of the two scan lines are higher than the larger path
spacing, which is also an important reason for the reduction of the displacement at the

free end of the plate with increasing of the scan spacing.
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Figure 5.2.8 Effect of path spacing on minimal principal strain in the X direction path
space of d/2, single pass, t=4.2s
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Figure 5.2.9 Effect of path spacing on minimal principal strain in the X direction path
space of d, single pass, t=4.2s
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Figure 5.2.10 Effect of path spacing on minimal principal strain in the X direction

path space of 2d, single pass, t=4.2s
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Figure 5.2.11 Effect of path spacing on minimal principal strain in the X direction

path space of 3d, single pass, t=4.2s
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Figure 5.2.12 Effect of path spacing on minimal principal strain in the X direction
path space of 4d, single pass, t=4.2s
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Figure 5.2.13 Effect of path spacing on temperature along scanning lines at the end of
the process d/2, single pass, t=4.2s
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Figure 5.2.14 Effect of path spacing on temperature along scanning lines at the end of

the process d, single pass, t=4.2s
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Figure 5.2.15 Effect of path spacing on temperature along scanning lines at the end of

the process 2d, single pass, t=4.2s
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Figure 5.2.16 Effect of path spacing on temperature along scanning lines at the end of
the process 3d, single pass, t=4.2s
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Figure 5.2.17 Effect of path spacin:i:rtz(;;ﬁ;:;:;]e along scanning lines at the end of
the process 4d, single pass, t=4.2s

The target ship hull shape has a geometry symmetrical along the y-axis and
asymmetrical along the x-axis, which can be regard as a cross combination of two part-
cylinders symmetrically along the y-axis and bending along the diagonal as can be seen

in Figure 5.2.18, thus the plate is divided into four independent irradiation areas and
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assume that the scanning pattern can be multiple straight scanning lines as similar to

scanning pattern used for producing the part-cylinder.

S

Yr>X

Figure 5.2.18 Cross combination of two part-cylinders symmetrically along the y-axis

As mentioned before, a scanning line should always correspond to a line of
constant height, and from Figure 3.4.6 presented in section 3.4.2 it can be found that
the lines of constant height of the target ship hull shape are linear around the four
corners and gradually becoming curved lines towards the centre. Thus, the scanning
pattern for producing the given shape should consist of straight lines near the four
corners and curved lines close to the center. However, there are some changes made to
the center scanning lines such as that the curved scanning lines are replaced with
multiple straight scanning lines. Next, using a numerical simulation to demonstrate that
the simple straight scanning line can also be used to produce the target shape without
being completely consistent with the line of constant height. Figure 5.2.19 presents the
lines of constant height of a target deformation. Figure 5.2.20 presents the numerical
simulation result of laser forming of this target shape under 500W power, Smm beam
diameter and 50mm/s processing speed, in which the black arrow lines present the

minimal principal strain distribution and orientations, the colour curved lines present
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the lines of constant height and red arrow line presents the laser scanning path. It can
be seen that the scanning path is normal to the minimum principal strain orientation and
a shape corresponding to the lines of constant height of the target shape can be produced

by straight line irradiation path.
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Figure 5.2.19 Contour lines of constant height of a target deformation at z-axis
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Figure 5.2.20 Numerical simulation of a target deformation at z-axis
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Another reason to modify the center scanning lines is that if the scanning lines
close to the center are consistent with the contour lines close to the center, which will
cause the simultaneous deformation of corner A and D or corner B and C (four corners
on the plate have been identified in Figure 3.4.1), so it is difficult to achieve forming of
the four corners independently and the forming accuracy is difficult to control.

Therefore, the prediction of the scanning pattern for producing the target ship hull
shape can be seen in Figure 5.2.21 according to the factors above. In addition, it was
decided to set the spacing between the two scanning lines to half of the diameter (2.5mm)
according to the numerical simulation results of the influence of the scanning line
spacing on laser forming. The red arrow lines represent the irradiation paths and the
laser moving direction. It can be seen that the irradiation area by the scanning pattern
corresponds to the deformed area indicated by the contour lines of constant height of

the given ship hull shape.

L. \ /

Figure 5.2.21 Prediction of the scanning pattern for producing the target ship hull shape
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5.3 Determination of the Scanning Strategy

This section presents the results and discussions of two scanning strategies for
producing the given ship hull shape.

The first scanning strategy used in test 1 is used to verify the feasibility of the
predicted scanning pattern and the incremental error-based approach, which can be
regarded as a basic scanning strategy. The second scanning strategy is a modified
strategy based on the first one, of which the purpose is to produce the target 3D shape
independent of residual stress distribution and non-uniformity absorption of the laser
radiation and to take account of any unwanted distortion either caused by above two
factors or process variability and reduce the error to within +/- 0.5mm to the target
shape. The results of these two scanning strategies are given in the following sub

sections.

5.3.1 Basic Scanning Strategy

The first scanning strategy prediction used in test 1 is based on the overall error between
the current formed surface and target shape, the processing will be terminated when the
whole of the workpiece is equal or exceed the target shape, which can be regarded as a
basic scanning strategy used to verify the feasibility of the predicted scanning pattern
and the incremental error-based approach. And the irradiation sequence is from outside
to inside in counterclockwise as shown in Figure 5.3.1. As mentioned before, the plate
was divided into four independent irradiation areas, thus the direction of rotation is
not important that will not influence the forming results. The results after each pass
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are presented below.
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Figure 5.3.1 The first scanning strategy, irradiation sequence is from outside to inside
in counterclockwise

vo

Figure 5.3.2 Current formed shape after Pass 1, Smm beam diameter, S00W and
30mm/s speed. Maximum forming ~9.76mm
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Figure 5.3.3 Error surface between the formed surface after pass 1 and the target shape,
~20.4mm maximum error to the target shape

In pass 1, all scanning lines were irradiated at the speed of 30mm/s. It can be seen
from Figure 5.3.2 to Figure 5.3.3 that a shape resembling the target shape has been
formed after the first irradiation pass with a maximum deflection of ~9.76mm. Figure
5.3.3 presents the errors between the current formed surface and target shape after pass
1, it can be observed that after pass 1 the maximum error between the current formed
surface and the target shape is +20.4mm, which means that more forming is required to
achieve the target shape. However, it can be noted that the shrinkage (-1.73mm)
occurred around the centre; this is where the work piece is clamped. A possible reason
for this is that the restriction of the clamp causes the stress concentration during the
thermal deflection of the plate, which results in shrinkage around the centre. An addition

irradiation pass (pass 2) was carried on after pass 1 for achieving more forming.
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Pass 2

Yo

Figure 5.3.4 Current formed shape after Pass 2, Smm beam diameter, SOOW and
40mm/s speed. Maximum forming ~18.4mm
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¥ -3.06

0

Figure 5.3.5 Error surface between the formed surface after pass 2 and the target shape,
~12mm maximum error. Error surface gives a prediction for the next pass

For pass 2 the processing speed was increased to 40mm/s in order to decrease the
increments to its target shape. It can be seen from the results after pass 2 presented in
Figure 5.3.4 and Figure 5.3.5 that a ship hull shape component with the maximum
deflection ~18.4mm was formed, and the maximum error between the formed surface

and the target shape is +12 and -3.06mm.
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Pass 3

Figure 5.3.6 Current formed shape after Pass 3, Smm beam diameter, S00W and
50mm/s speed. Maximum forming ~25.8mm
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Figure 5.3.7 Error surface between the formed surface after pass 3 and the target shape,
~4.91mm maximum error. Error surface gives a prediction for the next pass

For pass 3 the processing speed was increased to S0mm/s to further reduce the
forming rate, it can be seen from the results after pass 3 that a considerable amount of
forming of ~25.8mm (Figure 5.3.6) has been achieved and a reasonable symmetrical
state was maintained. And the error between the current formed surface and the target
final shape is +4.91 and -4.23mm (Figure 5.3.7), thus the speed was increased to
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60mm/s for the last two passes as the target approached. The results of the last two

passes can be seen in Figure 5.3.8 to Figure 5.3.11.

Pass 4

Figure 5.3.8 Current formed shape after Pass 4, Smm beam diameter, S00W and
60mm/s speed. Maximum forming ~31.5mm

ol
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Figure 5.3.9 Error surface between the formed surface after pass 4 and the target shape,
~0.92mm maximum error. Error surface gives a prediction for the next pass

HUI GAO 176 PhD Thesis



Advanced Laser Forming of Metallic Components

Pass 5

Figure 5.3.10 Current formed shape after Pass 5 (final pass), Smm beam diameter,
500W and 60mm/s speed. Maximum forming ~36.5mm

v-1.74

Figure 5.3.11 Error surface between the formed surface after pass 5 and the target shape,
the whole of the final shape occurred maximum amount of ~7.74mm over-forming

From the error plot after each pass above, it can be seen that after pass 3 a slight
over-forming has occurred towards the edges and after pass 4 most area on the
workpiece has over formed, only local areas are below the target shape. However, as

mentioned before, the processing will be terminated when the overall forming of the
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workpiece is equal or exceed the target shape and so pass 5 was performed. After pass

5 the forming of whole of the final formed shape exceeded the target shape (Figure

5.3.11) and so the processing was terminated.

/
/

Figure 5.3.12 Final formed shape by using the scanning strategy in test 1

Repeatability Test

A repeatability test was performed using this strategy on another plate; the results are

given in Figure 5.3.13 and Figure 5.3.14.

Yo

Figure 5.3.13 A repeatability test forming result by using the same scanning strategy.
Maximum forming ~34.7mm
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Figure 5.3.14 Comparison between the final formed surfaces by using the same
scanning strategy with maximum error of ~3.72mm

The results of the repeatability tests show that a reasonable repeatability can be
achieved using the same scan strategy, the maximum difference between the samples is
3.72 and -1.72mm.

As can be seen from the results of test 1 above, a smooth contoured ship hull shape
has been formed by using of this scanning pattern based on the lines of constant height
and minimal principal strain distribution of a target shape. This could potentially be a
relatively straightforward approach to predict the scanning pattern in 3D laser forming
for a given shape. And a component within the error of -7.74mm of the target shape has
been produced by using an iterative scanning strategy based on the error between the
current formed and the target shape.

However, there is a weakness in this scanning strategy such as that all scan lines
were irradiated for each pass, and the influence of each scan line on the rest of the plate
was not taken into account, which resulted in over-forming, especially in the area close
to the edges since the scanning paths in the center of the plate will cause the outer edge
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to be deflected.

And it can be noted that the scanning paths are created symmetrical along y-axis,
so theoretically the formed shape or the error distribution after each pass should have a
symmetrical state along the y-axis, however, it can be seen from the errors plot after
each pass that the errors are distributed asymmetrically along y-axis. This is due to a
number of factors such as unknown residual stresses distribution of the workpiece,
variability in the absorption of the incident laser radiation, and the asymmetric nature
of the laser forming process itself. However, the asymmetry of the laser forming process
is difficult to be avoided by using of the current single optical path system unless a dual
optical path system is implemented for parallel processing.

In addition, it can be found for the error plot after each pass that the amount of
shrinkage was increased after each pass. A possible reason for this is that the scanning
sequency was from outside to inside in this scanning strategy, which resulted in stresses
building towards the centre of the work piece. For this case the workpiece would be
formed normally initially and as the irradiation paths moved towards the centre a
buildup of stresses would increase towards the centre a force is exerted onto the clamp
eventually causing the shrinkage around the centre of the workpiece. This effect will
increase with each line passes and the amount of shrinkage will be increased with
increasing of the irradiation passes. However, forming from the centre out perhaps can
reduce this effect. When forming from the inside out the strains caused by this effect
though initially restricted by the clamp build up outwards and are free to move. The

next test will verify this.

HUI GAO 180 PhD Thesis



Advanced Laser Forming of Metallic Components

Improvements to the basic scanning strategy were made in the next test (test 2) in

order to solve the problems reflected in test 1.

5.3.2 Modified Scanning Strategy

The incremental error-based approach and the scanning pattern used in previous test
has been proven to be of use in producing the given ship hull shape. As the basic pattern
is correct another method of creating the irradiation strategy for the given ship hull
shape will have to have the same pattern but with different distribution.

However, a weakness in the basic scanning strategy used in test 1 is without
considering of influence of forming at each scan line on the rest of the plate. And,
another reason for over-forming in the previous test perhaps was that during forming
the focal position remained static, which resulted in the part moving towards the focus
as it was formed, especially at the outer scanning paths. This would reduce the beam
size and increase the intensity of the beam so as to affect the amount of forming and
increase the possibility of damage. However, it is difficult to completely solve this issue
with the current laser forming system unless a height controller or an automatic
focusing system is integrated in the system to keep a constant beam spot on the
workpicce.

In the previous test the scanning strategy prediction was only based on the overall
error between the current formed surface and the target surface after each pass, while
in this test, the scanning strategy, such as positioning and sequencing of the irradiation,

will be adjusted after each pass not only based on the error plot but also the deformation
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characteristics of the current part, such as that when the target shape is not formed
within one pass, an appropriate scanning strategy for the next pass will be given by
analysing the difference of the deflection of a number of points at 10mm steps along

edgel and 2 between the current formed shape and the target shape.

Scanning L1

Scanning L2

T‘.Lx

e ® Al By

Figure 5.3.15 Schematic of selection of scanning line for producing a target double
bends shape

In laser forming process the point about which a moment is generated is on the
scanning line and should be stationary in space and bending legs either side will move
instead. Figure 5.3.15 presents the forming of a double bends shape from a square flat
surface. It can be noted that there are two measured points A and B, if the deflection of
the measured point A arrives the target value the scanning line 1 no longer needs laser
irradiation in the next pass, and if the deflection of the measured point B arrives the
target value the scanning line 1 & 2 no longer needs laser irradiation in the next pass.
It is thought that this should be the case for the selection of the scanning line in the
modified scanning strategy. In the modified scanning strategy, the measured points on

edgel and 2 correspond to the starting points of the scanning lines.
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The basic concept of the modified scanning strategy is that the scanning lines close
to the centre of the plate will be irradiated in the initial passes for achieving the
maximum amount of forming from inside to outside, while leaving the last few passes
on the outer scanning lines for the fine adjustment of forming on the outer edges so as
to reduce any risk of over-forming. The detailed description of the modified scanning
strategy was presented in the following part, based on the same target shape in the
previous test.

Therefore, a modified scanning strategy was created in this test in order to produce
the target shape independent of residual stress distribution and non-uniformity
absorption of the laser radiation and to take account of any unwanted distortion either
caused by above two factors or process variability. The purpose of this test is to reduce
the error to within +/- 0.5mm to the target shape, namely, it is decided to terminate the
control program if the difference between the current formed surface and target surface
was within 0.5mm so as to avoid any over-forming and asymmetry however small.

Passl

Pass 1

L., /

Figure 5.3.16 The first scanning strategy for passl in test 2
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The first scanning strategy performed for the first pass was the same as in the
previous test, all scanning lines were irradiated at the speed of 30mm/s, and the
irradiation started from the outside moving towards the centre to keep the laser spot

with a consistent diameter throughout pass 1.

mm
A9.74

Figure 5.3.17 Current formed shape after Pass 1, Smm beam diameter, S00W and
30mm/s speed. Maximum forming ~9.74mm
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Figure 5.3.18 Error surface between the formed surface after pass 1 and the target shape,
~20.5mm maximum error
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Figure 5.3.19 Comparison of the measured points on edgel between formed surface
after pass 1 and target shape. Error of the points gives a prediction for the next pass

Pass 1 edge?

175
15 —— Target Error +/-0.5mm  —— Error of edge2
12.5

10

7.5

- \\\4///

-2.5

Error [mm]

L M N (0] P Q R S T U \Y
Measured points on edge 2

Figure 5.3.20 Comparison of the measured points on edge2 between formed surface
after pass 1 and target shape. Error of the points gives a prediction for the next pass
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From the forming result of passl above (Figure 5.3.17), it can be seen that the
target surface was already taking form at this shallow formed state with the maximum
amount of forming ~9.74mm, which was similar to the result of the first pass in the test
1. And from the error between the current formed surface after pass 1 and the target
shape (Figure 5.3.18 to Figure 5.3.20), it can be seen that over-forming has not occurred
and the error of the measured points on edgel and 2 are greater than 0.5mm to the target.
However, it can be noted that the error at the points close to the centre on edge2 is
extremely close to 0.5mm, which means that if additional irradiation applied on the
centre scanning lines, the error of these points is possible to be reduced to within 0.5mm
since the forming rate on next pass will be reduced.

Therefore, a second pass was performed to form the workpiece towards the target
shape at the speed of 40mm/s to decrease the forming rate. As discussed earlier, the
irradiation lines close to the centre of the workpiece will cause a deflection of the outer
edges and so the irradiation on the outer scanning lines was reduced in pass 2 to reduce
the forming on the outer edges. The scanning strategy for pass 2 is shown in

Figure 5.3.21.
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Figure 5.3.21 The second scanning strategy for pass2 in test 2
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Figure 5.3.22 Current formed shape after Pass 2, Smm beam diameter, S00W and
40mm/s speed. Maximum forming ~16mm
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Figure 5.3.23 Error surface between the formed surface after pass 2 and the target shape,
~14.6mm maximum error
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Figure 5.3.24 Comparison of the measured points on edgel between formed surface
after pass 2 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.25 Comparison of the measured points on edge2 between formed surface
after pass 2 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.26 The error of three points on edge 2 has been reduced to within 0.5mm
after pass 2 (the points in Red indicate the error is within +/-0.5mm to the target; the
points in Blue indicate the error is out of +/-0.5mm to the target)
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Figure 5.3.22 shows the formed shape after pass 2, it can be seen that a reasonable
symmetrical ship hull shape was formed with the maximum deflection of ~16mm. The
forming rate was decreased comparing with the result of pass 2 in test 1.

Figure 5.3.24 to Figure 5.3.26 show the difference of the measured points on edgel
and 2 between the current formed surface and the target shape after pass 2. It can be
seen that the error at the points close to the centre on edge2 (point P & R in red colour)
are reduced to within 0.5mm to the target and the remaining points are still greater than
0.5mm. In addition, the error at the points close to the centre on edgel (point E & G)
are reduced extremely close to 0.5mm and the remaining points are still greater than
0.5mm. Therefore, the scanning strategy for pass 3 was adjusted to reduce the
irradiation on the central scanning lines on the workpiece as shown in Figure 5.3.27,
and processing speed was kept the same as in pass 2 according to the current forming
rate (~0.43 to ~6mm on edgel and ~0.3 to 4mm on edge?2).

Pass 3

Pass 3

L,

Figure 5.3.27 The third scanning strategy for pass3 in test 2
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Figure 5.3.28 Current formed surface after Pass 3, Smm beam diameter, 500W and
40mm/s speed. Maximum forming ~21.6mm
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Figure 5.3.29 Error surface between the formed surface after pass 3 and the target shape,
~9.02mm maximum error
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Figure 5.3.30 Comparison of the measured points on edgel between formed surface
after pass 3 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.31 Comparison of the measured points on edge2 between formed surface
after pass 3 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.32 The error of three points on edgel and five points on edge2 has been
reduced to within 0.5mm after pass 3

After pass 3, a ship hull shape with the maximum deflection of ~21.6mm was
achieved (Figure 5.3.28) and over-forming has not occurred as can be seen from the
error surface between the current formed surface and the target shape (Figure 5.3.29).
In addition, it can be seen from Figure 5.3.30 to Figure 5.3.32 that the error of more
points closed to the centre on edgel and 2 are reduced to within 0.5mm to the target.
Therefore, the scanning strategy for the next pass (pass 4) was adjusted to further reduce
the irradiation on the scanning lines close to the centre and increase the irradiation on
the specific outer scanning lines and processing speed was increased to S0mm/s to

further decrease the forming rate as shown in Figure 5.3.33.
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Figure 5.3.33 The fourth scanning strategy for pass4 in test 2
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Figure 5.3.34 Current formed shape after Pass 4, Smm beam diameter, S00W and
50mm/s speed. Maximum forming ~25.4mm
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Figure 5.3.35 Error surface between the formed surface after pass 4 and the target shape,
~5.47mm maximum error
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Figure 5.3.36 Comparison of the measured points on edgel between formed surface
after pass 4 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.37 Comparison of the measured points on edge2 between formed surface
after pass 4 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.38 The error of five points on edgel and six points on edge2 has been
reduced to within 0.5mm after pass 4

As can be seen from the results after pass 4 above, the maximum amount of
forming is increased to ~25.4mm (Figure 5.3.33) and the error between the current

formed surface and the target shape is +5.47 and -0.78mm (Figure 5.3.34). From Figure
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5.3.36 to Figure 5.3.38 it can be observed that the errors at point D & H on edgel, error
at point T on edge 2 are reduced to within 0.5mm to the target, while the error at point
N, which is symmetrical to point T along y-axis, exceeds 0.5mm. A usable scanning
strategy for pass 5 was given based on the results of pass 4 as shown in Figure 5.3.39.

Pass 5
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Pass 5
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Figure 5.3.39 The fifth scanning strategy for passS in test 2
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Figure 5.3.40 Current formed shape after Pass 5, Smm beam diameter, 500W and
50mm/s speed. Maximum forming ~28.6mm
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Figure 5.3.41 Error surface between the formed surface after pass 5 and the target shape,
~2.4mm maximum error
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Figure 5.3.42 Comparison of the measured points on edgel between formed surface
after pass 5 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.43 Comparison of the measured points on edge2 between formed surface
after pass 5 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.44 The error of eight points on edgel and six points on edge2 has been
reduced to within 0.5mm after pass 5

After pass 5, the error between the current formed surface and the target shape is
+2.4 and -0.79mm (Figure 5.3.41). In addition, it can be seen from Figure 5.3.42 to
Figure 5.3.44 that the error of most of the points on edgel are reduced to within 0.5mm,
and only the errors at the points close to the corner are still greater than 0.5mm, which
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means that more forming was required in the area close to the two corners on edgel
thus the irradiation for the next pass was mainly on the outer scanning lines on edgel
and the processing speed was increased to 60mm/s as the target shape approached. The
scanning strategy for pass 6 is presented in Figure 5.3.45.

Pass 6
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Pass 6
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Figure 5.3.45 The sixth scanning strategy for pass6 in test 2
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Figure 5.3.46 Current formed shape after Pass 6, Smm beam diameter, 500W and
60mm/s speed. Maximum forming ~29.7mm
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Figure 5.3.47 Error surface between the formed surface after pass 6 and the target shape,
~1.25mm maximum error
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Figure 5.3.48 Comparison of the measured points on edgel between formed surface
after pass 6 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.49 Comparison of the measured points on edge2 between formed surface
after pass 6 and target shape. Error of the points gives a prediction for the next pass
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Figure 5.3.50 Only 2 points close to the corner on edgel and 2 exceed the target after
pass 6

After pass 6, it can be seen from Figure 5.3.46 that the current formed component
with a maximum amount of forming ~29.7mm has been achieved, which is extremely
close to the target shape. However, as can be seen from Figure 5.3.47 the error between

the current formed surface and the target shape is +1.25 and -0.79mm, which means
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that the local area on the plate still has the error greater than 0.5mm to the target shape
especially in the area close to corner B and C (the four corners on the plate have been
defined earlier as shown in Figure 3.4.1). And from Figure 5.3.48 to Figure 5.3.50 it
can be observed that only two points (point K & M) on edgel and 2 have an error
greater than 0.5mm and the remaining points have been reduced to within +/-0.5mm.
Therefore, the irradiation is only required on the specific locations in the next pass
attempts to reduce the error in the local area to within +/-0.5mm as shown in
Figure 5.3.51.

Pass 7

Pass 7
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Figure 5.3.51 The final scanning strategy for final pass (pass7) in test 2

HUI GAO 203 PhD Thesis



Advanced Laser Forming of Metallic Components

mm
A 297

Figure 5.3.52 Current formed shape after Pass 7, Smm beam diameter, S00W and
60mm/s speed. Maximum forming ~29.7mm
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Figure 5.3.53 Error surface between the formed surface after pass 7 and the target shape,
maximum error 0.49mm and -0.78mm
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Figure 5.3.54 Comparison of the measured points on edgel between formed surface
after pass 7 and target shape
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Figure 5.3.55 Comparison of the measured points on edgel between formed surface
after pass7 and target shape
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Figure 5.3.56 All points on edgel and 2 within +/-0.5mm the target after pass7

From the results of the final pass (pass 7) above, it can be seen that the modified
scanning strategy used in this test successfully produced a symmetrical ship hull shaped
component with the maximum error of +0.49 and -0.78mm to the target shape
(Figure 5.3.53). And the errors of the all-measured points on edgel and 2 between the
final formed surface and the target shape are reduced to within +/-0.5mm (see
Figure 5.3.54 to Figure 5.3.56). Compared with the results achieved by the irradiation
strategy used in testl, the accuracy has been greatly improved. In addition, as can be
seen from the error plot after each pass, through irradiating from inside to outside it has
been possible to reduce the traverse shrinkage around the centre, however, there is still

a slight shrinkage at the front and rear part of the workpiece.
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Figure 5.3.57 Final formed shape by using the modified scanning strategy in test 2

Repeatability Test

In order to determine the repeatability of this scanning strategy, another two samples
were processed by using the same approach. The results are shown in Figure 5.3.58 to
Figure 5.3.61. It can be seen that the maximum difference between the samples is
1.54mm, which shows better repeatability of the process comparing with the scanning
strategy using in testl. In addition, according to the results of the repeatability tests in
testl and 2, it can be observed that the largest variation occurs towards the outer edges,
this suggest that the larger the displacement induced by laser forming will reduce
repeatability since in laser forming of a 3D shape the accuracy of the area close to the

outer edges is more difficult to control than the area close to the centre.
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Sample2

Figure 5.3.58 A repeatability test forming result of sample 2 by using the same scanning
strategy, Maximum forming ~31.5mm
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Figure 5.3.59 Comparison of the final formed shape between samplel and sample2 by
using the same scanning strategy with maximum error of ~1.74mm and -1.21
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Figure 5.3.60 A repeatability test forming result of sample 3 by using the same scanning
strategy, Maximum forming ~30.3mm
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Figure 5.3.61 Comparison of the final formed shape between samplel and sample3 by
using the same scanning strategy with maximum error of ~0.78mm and -1.54
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Overall, for laser forming of a given 3D shape, using scan patterns based on lines
of constant height and minimal principal strain distribution has been shown possible to
produce useful results. Using an iterative approach, based on the error between the
current and target shape it has been possible to produce a component in increments
towards the target shape without significant over-forming across the whole surface.

Providing over-forming has not occurred on the first pass it has been possible to
iterate towards the final shape, by increasing the processing speed to reduce the forming
rate and adjusting the scanning strategy for the deformation characteristics of the
current part. It has the potential to produce a final component independent of residual
stress distribution and material non-uniformity and to take account of unwanted
distortion either brought about by these two factors or process variability.

A number of limitations of 3D laser forming have been identified from the process
trials for the given shape. Firstly, it is possible to over form the target shape by some
degree. Controlling the forming rate by varying the processing speed based on the
amount of forming is possible to reduce the over-forming. Secondly, another limitation
is that the accuracy across the whole surface is difficult to control due to the influence
on the rest of the plate of each forming line. In addition, the forming lines at the centre
of the plate will cause a deflection of the outer edges and so the amount of forming near
the outer edges must be reduced to reduce any risk of over-forming in the area close to
the outer edges.

An addition limitation is that during forming the focal position remain static. This

means that as sections formed, especially at the side edges, the workpiece moved into
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focus. This will decrease the spot size affecting the amount of forming here, increasing
the intensity, and increasing the possibility of damage. Combined with an irradiation
path that starts from the outside moving towards the centre the laser spot will have a
consistent diameter only in the first pass and the geometry of the beam will be changed
in the subsequence passes. However, it is difficult to completely solve this issue with
the current laser forming system unless a height controller or an automatic focusing
system is integrated in the system to keep a constant laser spot on the workpiece.

Using the modified scanning strategy is possible to reduce the risk of over-forming,
such as that the scanning lines close to the centre of the plate are irradiated in the initial
passes for achieving the maximum amount of forming from inside to outside, while
leaving the last few passes on the outer scanning lines for the fine adjustment of forming
on the outer edges. And another solution to this might be to over form to some degree
on the outer edges of the plate and then turn the plate over to bend the outer edges back
to the required deformation. However, it is difficult to achieve this process under current
experimental conditions unless a visual positioning system is integrated in the system,
since the workpiece is difficult to fix back into the original coordinate system, or a 6
degrees of freedom platform is employed. Further work is needed to verify this.

A potential and noval method of scanning strategy prediction has been developed
based on analysing the difference of the deflection of a number of points on the plate.
The energy distribution within the scanning strategy can be given by the processing
map of the given material, which gives a potential predictive capability to a control

system. However, as discussed earlier, the single pass implementation of this would be

HUI GAO 211 PhD Thesis



Advanced Laser Forming of Metallic Components

computationally intense and cannot take into account material non-uniformity and
residual stresses. The method developed here used the predictive COMSOL model to
give an initial scanning strategy based on a required geometry. When the geometry is
not formed within one pass, an incremental adaptive approach can then be used for
subsequent passes, utilising the error between the current and target geometry
(difference of the deflection of a number of points on the plate) to give a new scan
strategy. Thus, any unwanted distortion due to material variability can be accounted for.
The forming rate and distribution of the magnitude of forming across the surface can
be controlled by the scanning speed based on the factors above and the amount of
forming required so as to avoid overshoot. A strategy of per pass monitoring and
controlling the process was considered.

In the future, an intelligent predictive system will be developed based on the
Knowledge-Based Systems, neural networks or thermo-mechanical models and
combined with an advanced, highly tuned process model / control algorithm, which will
be coupled with the sensors to provide accurate controlled feedback and achieve
predictability. It can provide an incremental or even real time closed loop method of
accurate 3D laser forming, based on the current part characteristics independent of
material variability e.g., residual stress. The study presented in this chapter does also
demonstrate that laser forming could be utilised as a direct manufacturing tool in an

industrial environment.
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Chapter 6

Conclusion

6.1 Laser Forming of Single Curved Shape

This investigation was to develop an advanced scanning strategy to improve the

controllability of the process and produce a two-dimensional component independent

of material and process variability.
There are a number of conclusions from the work presented in here, these include:

® A large target bending angle can be achieved with less irradiation passes at a
constant low processing speed, but the forming accuracy might be difficult to
control due to the high bending angle rate. However, although the forming accuracy
can be possible to be improved with a constant higher processing speed, more
irradiation passes are required to achieve the target angle, which may reduce the
reliability of the process.

® When forming a larger target bending angle, using an relative low speed in the
initial passes, measuring the bending angle, comparing it to the target angle and
make a selection of an appropriate processing speed for the next pass according to
the error between the current and the target bending angle, as the target angle

approaches the process speed increases to reduce the bending angle rate slowly
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move towards the target angle, which can not only improve the forming accuracy
but also reduce the number of irradiation passes

® The forming accuracy can be improved through control of the bending angle rate
during the process via varying easily controlled the processing speed and it has the
potential to produce a two-dimensional component independent of material and
process variability.

® The process can be controlled with a great deal of accuracy by the introduction of
more speed steps with much higher processing speeds as the target angle
approaches. In addition, the accuracy of the measurement system used for feedback
control also influences the accuracy of the forming process since the higher the
accuracy of the measurement system and measuring method, the more accurate
measuring results of the bending produced in the workpiece.

® The study does demonstrate the potential manufacturing capabilities of the laser
forming process for producing the single curved component, which provides the
capability to produce or alter the shape of the component easily only through
changing the process parameters or the scanning strategy without the need of
expensive and inflexible hard tooling, this is a major advantage of the process over
conventional forming technologies. The automobile components with three

different bending angles have been produced reasonably accurately.
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6.2 Laser Forming of Double Curved Shape

The purpose of the investigation was to produce the target 3D shape independent of

residual stress distribution and non-uniformity absorption of the laser radiation and to

take account of any unwanted distortion either caused by above two factors or process

variability and reduce the error to within a small degree to the target shape.
There are a number of conclusions from the work presented in here, these include:

® For a smaller path spacing, the displacement at the free end of the plate is greater
than that of a larger path spacing. A possible reason for this may be that for the
smaller spacing between the scanning lines the more heat is retained in the plate as
can be seen, which will result in reducing the yield stress of the material, in that a
hot plate is easier to form than a cold one.

® When the path spacing is less than the spot diameter, the strain fields between the
heating paths interfere with each other because the minimal principal strain near
the second heating line already exists before the second heating, but the continuous
plastic strain can be obtained. The influence zone of the strain fields between the
heating lines decreases with increasing of the scanning line spacing, which means
that the interaction between the adjacent heating paths can be possible to be avoid
with increasing of the scanning line spacing and the deformation of the plate can
be considered as a superposition of a single scan, but it leads to the strain fields
being discontinuous. However, to raise the forming accuracy of the plate, a

continuous strain field is needed.
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® For laser forming of a given 3D shape, using scan patterns based on lines of
constant height and minimal principal strain distribution has been shown possible
to produce useful results. However, the scanning pattern does not need to be
completely consistent with the lines of constant height of the given shape, only the
irradiated area of the scanning pattern corresponds to the deformed area indicated
by the contours line of the given shape.

® Providing over-forming has not occurred on the first pass it has been possible to
iterate towards the final shape, by increasing the processing speed to reduce the
forming rate and adjusting the scanning strategy for the deformation characteristics
of the current part, such as analysing the error of the deflection of the points at the
edges. It has the potential to produce a accurate final component independent of
residual stress distribution and material non-uniformity and to take account of
unwanted distortion either brought about by these two factors or process variability.

® A number of limitations of 3D laser forming have been identified from the process
trials for the given shape. Firstly, it is possible to over form the target shape by
some degree. Controlling the forming rate by varying the processing speed based
on the amount of forming is possible to reduce the over-forming.

® Secondly, another limitation is that the accuracy across the whole surface is
difficult to control due to the influence on the rest of the plate of each forming line.
In addition, the forming lines at the centre of the plate will cause a deflection of the
outer edges and so the amount of forming near the outer edges must be reduced to

reduce any risk of over-forming in the area close to the outer edges.
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® An additional limitation is that during forming the focal position remain static. This
means that as sections formed, especially at the side edges, the workpiece moved
into focus. This will decrease the spot size affecting the amount of forming here,
increasing the intensity, and increasing the possibility of damage. Combined with
an irradiation path that starts from the outside moving towards the centre the laser
spot will have a consistent diameter only in the first pass and the geometry of the
beam will be changed in the subsequence passes. However, it is difficult to
completely solve this issue with the current laser forming system unless a height
controller or an automatic focusing system is integrated in the system to keep an
constant laser spot on the workpiece.

® Using the modified scanning strategy is possible to reduce the risk of over-forming,
such as that the scanning lines close to the centre of the plate will be irradiated in
the initial passes for achieving the maximum amount of forming from inside to
outside, while leaving the last few passes on the outer scanning lines for the fine
adjustment of forming on the outer edges.

® The study demonstrates the potential of the laser forming process to produce
accurate repeatable 3D surfaces in a controlled way. This suggests that laser
forming could be utilised as a direct manufacturing tool in an industrial
environment. Providing the desired and the current surfaces can be realized in a

virtual way, a scan strategy can be predicted to give the final shape.
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6.3 Further Work

A number of recommendations for further research have arisen from this work and these
are:

® Investigate the use of laser wavelengths that require no absorptive coatings The
variability of absorptive coatings used in the work in this thesis demonstrates that
they should not be used if possible. In addition, the application and removal of the
coatings constitutes additional process steps in an industrial process and an
environmental hazard, by not using them an improvement in efficiency can be
achieved. Research is recommended into the use of shorter laser wavelengths that
do not require absorptive coatings in order to improve the industrial viability of the
process.

® Use of dual optical path system or scan optics to remove the asymmetric nature of
the process — As a follow on from the previous recommendation the use of dual
optical path has the potential to realise parallel processing in a rapid segmented
fashion, offering the ability to evenly distribute the incident energy rather than a
single optical. This has great potential for 3D laser forming process, particularly
for large area forming were the temporal effects of using a single point source are
magnified.

® A 6 degrees of freedom platform is needed to be employed in the laser forming
process to ensure the incident laser beam is always perpendicular to the irradiated
region or using of fiber delivery laser with robot to further improve the flexibility

of the laser forming process.
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® A height controller or an automatic focusing system should be integrated in the
system to keep a constant laser spot on the workpiece during the process.

® Intelligent predictive systems, perhaps based on Knowledge-Based Systems (KBS),
neural networks or thermo-mechanical models can achieve predictability through
a knowledge of the material (including its stress history) combined with a
developed, highly tuned process model / control algorithm. In an adaptive system
the use of sensors to provide accurate controlled feedback coupled with the
development of intelligent control software e.g., neural network, provides an
incremental or even real time closed loop method of accurate 3D laser forming,
based on the current part characteristics independent of material variability e.g.,
residual stress.

® Further investigation is required to determine the effects of post forming of heat
treatment on 3D laser formed components and therefore the amount of residual
stress that occurs in a laser formed part. Further investigation is also needed in the

study of the effect clamping arrangement has on creating residual stresses
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